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UNOASSIfUD  ABSTRACT 


S'hose  X  of  thu  Advanced  Development  Program  for  •  Hlgn  Performance 
Oxyg*.n/iiydrof<en  Rockat  Kngtne,  which  waa  sponsored  by  the  Air  force  Rocket 
Provision  laboratory  at  Pratt  &  Whitney  Aircraft,  waa  an  evaluation  of 
thn  critical  technology  associated  with  the  staged* combustion  ball  noaile 
engine  ay  stem.  Experimental  evaluation  waa  conducted  in  the  area*  of 
preburner ,  main  chamber,  noiele,  turhopump  bearinge,  and  angina  controla. 

In  addition,  angina  ayatam  (module)  preliminary  dealgn  and  applications 
Htudlae  w#r*  conducted.  In  the  Module  Design  Study,  a  eyatem  cycla  balance, 
r.  ItflOy-  st-.v  te  off-deaign  analynea,  trenaient  itnalyaea,  component  end  ayatam 
dan ign  studies,  a  weight  atudy,  end  e  parametric  engine  etudy  were  com¬ 
pleted.  The  Applicationa  Study  waa  completed,  and  t  separate  final  report, 
APRFI.-TR-67-270,  waa  iaauad,  Under  the  Cooling  Investigation,  30*  steged 
combustion  tests  were  conducted  thet  demonstrated  high  Impuiae  efficiency 
ar.d  the  two- position  tranaletlng  noeale.  Under  the  Turbopump  Component  a 
investigation,  endurance  teating  of  the  hydrogen  turbopump  bearing  demon¬ 
strated  long  Ufa  ia  faaaible,  but  roller  skewing  remalna  a  aignlflcant 
Problem.  Under  the  Module  Control  System  tnveetigetlon,  the  oxldlear 
flow  divider  valve,  the  mixture  ratio  valve,  end  ignition  a ya tarns  were 
designed ,  manufacturad ,  end  teated  wtth  fthe  preburner  and  main  burner. 
Continued  development  ia  needed  to  improve  leal  patwrmance,  The  Pre¬ 
burner  Demonstration  investigation  waa  completed,  and  ignition,  control , 
and  dynamic  combustion  stability  were  dftwwtet rated i  however,  additional 
development  is  required  to  reduce  the  hot  ga«  temperetv-e  profile.  Under 
the  2S0K  staged  Combustion  inveetigatlon ,  the  230*  main  chamber  was 
tested,  and  the  performance  and  feasibility  of  the  fuli-acale  tandem 
concept,  including  the  two-poeitioo  noeale  end  dyoamlo  combuetion  eta- 
bility,  was  demonstrated  at  'various  thrust  levels. 
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{U)  Phase  l  of  the  Advanced  Development  Program  foe  an  Advanced  Gryojeni 
Roc fcet  Engine  was  a  )§*«aonth  program  sterling  1  Msrrh  1964  e*ui  ending 
30  Ssp^ambss'  19fl,  Phase  1  woe  fcr«  evaluation  of  the  e;Uisfti  technology 
aasooisssd  with  thn  stsged-eomtouction  two» position  ball-nasals  Baglas 
concept  in  the  are&s  of  iha  prebu^nst,  main  chamber,  noesie,  tuta^nump 
barings,  Rentals,  end  a  preliminary  design  of  ths  dft  snstrasotr  engirt 
system,  She  program  was  oriented  te^ro  &  dtmmsfcrafccf  engine  molule 
having  the  character4 fcfcics  outlined  in  table  I, 

(C)  table  I.  haraonstrstdr  £figlr«a  Characteristics 


Nominal  Vacuum  thrust  250,000  lb 

Minimum  Oel'lvertO  Xs  %%  of  theoretical  shifting  Sa  at 

rated  thrust 

95%  of  theoretical  shifting  i3 
during  throttling 

Ovnrsll  Mixture  Ratio  Engine  to  operate  from  5  through  ? 

with  a  nominal  of  6 

Throttling  hung®  Continuous  ^own  to  25%  of  rated 

thrush 

Expansion  Ratio  Low  Area  Ratio:  approximately  60: l 

High  Area  ReKe:  approximately 
100  in  n'sa, v  Suit  tt&mf-C  i 

trurioility  ■--  Bngic  design  to  bo  baaad-^5  a 

1 0-hour  fcirss  between  overhauls 
(SH)  Ufa  criterion*  lOO  reussa, 
«nb  3h0  seartg 

SVC  GeoebUity  t  t  degree  equivalent  angle  at 

3  fc*A« 

munition  Kaitipl*  starts  with  restart  et 

aisicade 

NFSH  Utj-i  69  ft 

Wjj’i  16  ft 

^^twya^g^Vwwwwiian^wnwirniTwee^^  — 1  m  ■  I'awewiwwwwwi^rff  m'-mmumt 

(U)  fhase  t  of  tha  program  consisted  of  two  major  tasks  and  specific 
cub tasks  as  follows i 


Overall  Mixture  Ratio 


Throttling  hung® 
Expansion  Ratio 


trurioility 


SVC  capability 


? Unit ion 


Sash  l  -  Analysis  and  Design 

a*  Module  resign  :- 
b,  Applications  Study 


TaJfk  II  •  fabrUftgls*  and 


S,  7?  '/opusj.  Components  tvaiusfeibH 
«,  Module  Centre"  Syestsi  Investigation 
1*  Prebumas  Demons! ration 
g-.  250K  Siaged-Ccmfeual^on  D^iscnstrutlon 

(U)  The  Module  Design  aubtn.it  had  as  ifca  objective#  the  acecmpliehffisnt 
of  the  following  engine  syutam  studias  and  analyses?  e  system  cyclu 
balance*,  steady  a  ta  to  eif  C-  >i«o<gn  analyses,  transient  "'nalyasa,  e^mp&nent 
and  system  *esigrt  studies,  a  weight  study,  and  a  parametric  engine  study, 

The  module  ensign  studies  wire  conducted  to  integrate  the  component 
tsennology  data  into  an  engine  flystera  with  the  rsquind  fv'rfsmsgr.u®, 
weight.  slmpHcicy,  reliability,  Kite  and  versatility. 

<U)  The  Appticati  ns  Study  subtaju  Included  generation  (i'I  engifts/vahlcle 
installation  designs,  parametric  agnations  fr?  installation  equipment 
weight  and  size  foi  both  23QK  end  i^OK  sized  engine  fcysfcaraa,  engine /vehicle 
poriofmanco,  and  an  evaluation  of  alternative  methods  of  thiuat  vector 
control . 

{U)  The  Cooling  Investigation  subtask  included  de»lgn,  fabrication,  and 
test  or*  ,i  50&  main  Injector,  and  unsooled  and  cooled  main  chambers  to 
evaluate  cooUng  requirements ,  new  >  aerials  and  fabrication  techniques, 
performance,  and  chamber  f  iwsocry.  The  objective  oi  this  program  was  co 
demons  irate  a  h*gh  impule*  efficiency,  and  to  demonstrate  the  feasibility 
of  a  two- pea it Ion  translating  noggle. 

<C)  The  Turbopump  exponents  suutask  included  design,  fabrication,  and 
tea  ting  of  turbopump  bearing*!  at  high  EH  values  to  demonstrate  durability 
and  long  life  under  the  predicted  operating  conditions.  life  and  durability 
wari.Jwead  on  the  criteria  of  10  hour#  time  between  overhaul#  <TBO), 

-lOO  reuses,,  and  300  starts*. 

(U)  the  Module  Control  System  aubtask  Included  design,  fabrication,  mi 
testing  to  demonstrate  the  feasibility  of  Che  critical  control  cpapessgta 
associated  with  a  variable* thrust,  high- procure,  at^gad-comtustiwa, 
liquid  rocket  angina.  The  critical  control  compon?«t9  included  the 
oxidises  flow  divider  valve  for  the  pra burner,  tl  afaeura  rati*  vtivf , 
and  the  ig<  Ion  systems.  -  -  .  _ 

(U)  The  Ptebusner  Demonstration  «ubta#k  objective#  included  design,  fabri¬ 
cation,  and  tasting  .o  demonstrate  the  satisfactory  oparatlon  at  a  full- 
scale  2S0K  preburner  over  the  rg<iulr*d  operating  range 

<U)  The  2S0R  Staged-Gc^bustion  aubtask  included  design,  fabrication,  and 
testing  to  demonstrate  the  satisfactory  operation  and  perforasnee  of 
a  full-scale  250?  prebuma?,  main  burner,  ^d  »tfe*pO#itie?r  aoiaU  a?  a 
combined  staged-cembustictv  rig. 


{v}  Sha  cwbsesb,  the  2g.$az  iz-zzmpl  'shssnt  «a*f  the 

definition  of  the  deKwts^fcrase.r  engine  system  for  the  Ph«9S  XI  pr  «. 
fh®  engine  configuration  uses  6  staged-oombunfeien  oycU  and  ,sfcea 

a  Unhewelgt.i  few&opaiifei.  ^  bwli  noaele,  Thte  overall  ^Skin*-  performance 
and  operaUr*!  -hcracterietiea  war*  determined  by  combining  the  individual 
nemponsnt  Sst'imolQg} *s  ihit  have  baen  demonstrated  m  the  USA?,  H‘  A, 
and  coca^y  programs.  Component  p«rf-??®eftes  d&ta  **eve  integrate  with 
engine  ayel*  balance  studies  to  optimise  the  engine  configuration. 
ih§e@  eys?i=s  balance  data  ware  also  used  to  define  the  component  require¬ 
ment*  far  h&rdvars  design*  ami  to  supply  she  basis  for  -ly^amie  eystea 
ei&iatiuns  uses  in  transient  and  stability  annlysegu  S toady* sta^e 
p®  if  csraanee  analysis  over  the  thrues  sod  mixture  ratio  operating  ranges, 
and  afceaey-Ftato  eff«deeign  analyses  wire  cespiited,  A  aontrdl  ays  tea 
analysis  usa  conducted  to  %.-«st5ilisn  the  engine  dynamics  and  to  ettiaata 
t Us  eenfcrH  system  raquircmantg.  RNsfc^il^d  weight  studies  w@r«  alee 
eanduatcd,  the  flight  engine  data  wsra  derived  uoing  projected  iwproy*-* 
stints  in  tutbopurtp  off Iciest ids,  redueed  ©ala  ohamear  «®els«i  flow, 
mi  flights  t^.s  designs  that  souls  teautfe  from  sn  engiwsftrl&g  develop* 
tssnt  program,  £h«*  flight  engin®  date  wt.?©  used  to  sgtsbliah  the  basi 
poir-28  ic'e  the  parametric  Analysis  of  engine  parferasgsd  snd  ®nv^  --pe. 
Thesa  aass^stri®  data  were  use£  in  the  Applications  Study. 

01}  Under  the  Applications  Study  subsask,  engine /vehicle  inat^  l=.?iena, 
parametric  equations  for  installation  ecutpsint  for  both  2SQK  *ni  330& 
si esd  engine  system;  aagitvfe/vehldle  performance,  and  an  evaluation  of 
alternative  methods  of  thrust  vector  control  war®  conducted  and  com¬ 
pleted.  these  studies  ans  presented  in  a  sajsarsre  final  report, 
AfgfL-?a«6?-2?0,  "Applications  Study  for  a  Hig^  '^-v loanee  §?ysg«Ric 
Stsgtd-Goefcust ion  Socket  logins," 

<C)  Under  the  Cooling  Investigation  subtask,  U  successful  50K  'staged, 
combustion  tecta  were  conducted*  five  of  the  tests  were  made  with  the 
uncooled  ehse&ora  to  evaluate  performance  at  chamber  contraction  ratios  , 
of  three  and  five  and  chamber  lengths  from  6.3  to  13  inches,  Hina  of  j 
the  tet.fci  were- made  with  e  cooled  copper  wafer  liner  to  optimise  ',th* 
masn  ehsabeif  cooliwg  l low  at  design  ehambsr  pressure  and  dwtaraintt  the 
effect  of  cooling  on  petftrasAnee,  the  last  three  cooled  tests  evalmted 
ths.  position  nossts.  Studies  were  also  eenduetw^  te  evaluate  Various 
mstosials  end  e^ufifeu  rat  lone  for  possible  use  in  an  advance,;  sojuso  ' 
ehssbtr.  Herdwere  that  web  designed  and  ssnfuestured  for  this  cooling 
ih\*&kigafeies  included  one  coaled  chamber.  Him  uncoolsd  chamber  graphite 
aettf.  one  file-  cooled  copper  chaaher  liner,  we  main  injector,  end  ott*  , 
ewc=pesi5ien  sheet  metal  nossle  skirt,  . 

<6)  Under  the  furbopump  do#ensnts  tufetsek,  the  fuel  eurbepvap  beosing 
configuration  end  principle  rsquirssAMs  that  were  established  for  ths 
preliminary  250R  turhopusp  da sign  were  as  follows?  (I)  s  3 Sew  ID  roller 
bearing,  <t>  a  design  speed  of  AgjOOO  r^s,  (3)  a  sAidsua  radial  lead  of 
1760  lb,  and  <4)  a.  lO^heyr  hiaring  life,  gight  spin  teste  west  conducted 


te  ppayids  8  r^U'tivs  ranking  of  machas  isai  integrity  ef  Candidas®  eagsg, 
Agnelen  end  folyt&lin  Sf-1  were  the  only  materials  that  CRceedsd  chs  Assign 
s&4ad  uppre-aisstety  2i»Q0Q  rm»  without  CMternai  sssej?  and  thes#  materials 
W^fe  nsla&tA#  for  a valuation  in  tha  bearing  rig  tasU,  glcyan  tests?  wsrs 
eonductifd  for  cage  *od  waring  geometry  screening  tsatc,  As  s  rcguls  of 
chase  Cefeesj  the  bearing  venfigvritiot!.  selected  far  esdurassea  testing 
of  ASS1  440C  mkseial  roll era  and  vncss,  and  cuttr-race*- 
piloted  Asmalon  cngc,  with  0.04^«trvch  total  roller  end  to  inner  rac® 
n^ssga  elesranvi.  Negative  internal  radial  elasrancs*  was  us<sd  to  provide 
toilet  pr&load  A  total  «*  12  hour's  and  33  min'wtss  of  ORdur^ue-  w».3 
a€vU.:«ii4ca«  on  the  second  collar  bacring  teafed  1a  Vm  r^otlbrt  *?«5itiOft 
(%<t%  load)  of  the  test  rig,  *a18  bearing  remains;  in  ?  loft  concision 
with  folic?  £r»d  t-»««r  less  than  0.001  inch.  %he  5 i?s*  f^a^Jon  bearing 
ffeiiiiix  dun  to  rrUer  skewing,  at  1  hour  <md  32  rfH:,a*;e> .  A*-*,;  tarings 

tested  in  the  load  ring  portion  and  thuse  fsilr-*,  thsx  c$  -ollef 
rkswing,  at  ?  hours?  and  £5  minutes,  i  hour,  aid  1$  ml r-utea,  and  3  houre 
and  30  minutes,  roaptetivcly ,  during  ^hls  ariduramse  testir ■%, 

(")  Under  the  3oo*rol  System  e^btfe^h,  tM  rrifeUcl  control  ex¬ 

ponents  associated  with  a  variable- thru&t,  hig.i-  p^sai  arc  ,  staged- combust  ten, 
liquid  rev  Mi  Angina  were  >les;giwd,  1  '-*'<!**■-<,  end  tented,  these  control 
<sotrpnn<}rst8  war®  the  p*eb'jrhcr  nsioige?  flow  diyld»?  valve,  the  mlsfcure 
ratio  valve,  and  the  ignition  fiascos.  testing  of  these  control  component!) 
h«a  daffioo&fcraiad  the  basts  design  concepts  although  farther  seal  develop** 

*a  necessary,  A  ceffiprshosGlve  valve  aoleeUon  stsidy  wSi  conducted 
ta  detsjmin©  the  best  valve  type  for  the  chamber  voolsnt  valve,  mixture 
ratio  vslve,  thruat  control,  and  preburner  oitid iter  flow  Uvidor  valve, 
ba««4  on  the  funoUonal  and  mechanical  requirements  of  each,  A  trans¬ 
lating  seal  rig  w&s*  deigned  and  fabricated,  and  nine  endurance  ^aets 
w»re  eorsduotad  t  &y&iuate  candidate  seal  configurations ,  Xhass  trans¬ 
lating  real  <?tg  c-sw?« <mc*  m*i&  deawnstrn ted  acceptable  leakage  char¬ 
acteristics  s  less  ehar  10  sc^s  of  v«nt  s, kl  leakage  for  the  selected 
«eel  psekage  cenflgutatlcfn,  A  rotary  shaft  ueal  test  program  mu  oUo 
conducted  to  develop  a  iami  ted  plastic  lip  seal,  which  demcnefcrated 
#'vsrfe&t?d  leakage  and  endurance,  better  than  the  target  values, 

(is)  Under  the  Prcfeurnar  Bcaonstragion  eubtask,  a  full-scale  2501i  orccorner 
w*v  dsaignsBf  ,  sstnuiact^rad ,  and  teats  .  A  dual- orifice  oxidiser  ©so 
variafele-areu  fuel  pre burner  injlcctor  configuration  was  selected  for 
$t«s@  X*  Tt\®  mat  aignif leant  achievesence  of  the  prebuvner  teat  progvim 
ware  the  rtsolusion  of  tnst  stand  operational  problems  and  the  develop* 

5§®nt  of  a  preburner  injector  adequate  for  staged-coadniatien  testing, 
ths  initial  injector  configuration  did  not  ptovidi  a  satisfactory  tem- 
paratusa  profile,  Rsdlileations  to  ths  fuel  oleaenfs,  provided  a  taa- 
per&tiira  profile  of  approniaastely  500*k  at  an  evarr  J»  t^parr5;ura  of  2000*S, 
farther  devoiop^enfc  it  Mcsosary  to  provide  a  teraporature  profila  of  ISO'S 
or  IddA  at  an  avwrfg*  tcaparature  of  2325®R,  which  is  required  for  the 
dsfoonctretcr  angina,  fhs  pulsing  tests  «cnduct*d  on  the  probumer  demon¬ 
strated  tiynmie  atfbiHty,  pressure  disturbance  at  20%  and  100%  flow 
cOndiMov.i? ,  wltai  .approximately  110*8,  feci  tesparatura,  damped  to  within 
0,3%  ££:  ftcmlftii  opaf a ti^  pressure  Within  30  milliseconds,  %he  preburner 
tssth  igniiar^  aoe^labd  »ort  than  250  firing  tests,  including  rig 
tmu i  .preburner  pressure  ehank  firings ,  end  psehttensr  tests,  %hls  tort* 
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f**!'*SW*»  Tftf 

l£SSa££®lM* 


«$M«r1  j«*^-  p\l\ie  K.MWu',  i.ii5  ».4?»S 

is4  r6fc83^ndatiby*£  IhiiiA  im  s&e&  ni  ihss  s«s  j$r  syfegtaks » 

u  Kostn-tj  mtm  mistMs  \-  _ 

(U)  1Y  Similise  unsiytiesi-J  end  4% s^a  stedints  nen&ect*  to 

&v$iu§£#  tKs  os  ay fir r  pi?0fi4a^  fey  dy&I ,  im'utitk  >“@a 
burners  aht&sid  .that  i?>a«ft£4ss4  ■acs^s-i  $o%pt&£.i&¥  is 
wauimsi  jfat'&dy*  $mtl  2&4g$%$m.  in  tM.  £e#i  ?v&$ 
is  ptfasifela, .  iiwsa  e6&et&d$s*  sHst  she  dij$1 
-  ps$fe**it^  ey«ii*  dsss  ng«  v&ttmi  S\zrt~&§x  $m*U;*ttKim-, 

(e)  2*  HtaiUS  *#&  d«e£f»  mdiWiffr®  fieadwtfetfi  #f  ' 

8_a*^sa>  5«iafeir^tisi\«s  si  yag|«t.fej@^a.f$s  ©ne  Qzltisb 
injnes«r»  thsfc  &!$**  M  as*d  ^fskmmXiT  6ft@i£%ical  -- 

4?M|efe  swspaii%  i3»sSti5n f.  zutkt  ,  m£  *&&$.?* &£&£$. 
£^lp*4t«s£ 

&?4  ssanu§>2luj-ih|;  c©f^fe*$£ty  of  t&&  ttio  ig4C  insist. : 
a^tigar#ejL'o«fc  @is®  i&ds ,  It  i#sg.  tiaftfc  an  injector-. 

e^«fig«^eiort  using  du&i"critls£  #j£i$Uftc  and 

Met  eluents  aas  baas  I©?  th«  psefeumdri  f  ‘ 


(0)  3,  .  %i  f4it$  concluded  that  fey  das^il&& 
?;fea«  engine  |s©^i#‘sfier 

range  f>e  *$?.*$  thrusfcMsh  eif&ifi 
$}$3$$u?$£  gh&o  ssrHsr  ®b4u*«  dsai 


**!*» 

iy  i@4«  turfeopamp , 


(u)  4,.  '£$-j?s>  em$X%&44  4sh*fe.nx^ ssrit&il®  ns£fei&®  inlsl  ■_- 

’.;-  :  ^ei'wfdi  $S£r  ittcfegg&Msft?.  - 

$aj  fiws  .(i&- statf*  lw*U)  wtiltiiM-  :7 

j:-s  7* 

_SPr&£ft$  i&i&plbtS&i  .  :  _-  '  •  .  '■  -"•<:<-  -.77^ 


<d>  5, 


sa:  fcfei  se^sfg.  .tns»i#i#ss  sn= 


j  ii  tfg*  «^aciu2^4  >.- 


#.fe-  ifiMisnis  *ttp-  #lwj^b^«fes- ; 


(U)  7. 


fetes  $8  the  -gfelsnsijSsif  s& 

sr^et€.s  f  4aMs 


jfea.  4«>i©S5« 


froa  lay 


It.  was  coftsSunad  tlm  se^|a%%-je|  §|s 

(dump  cooled)  fe#*»^cai&S.bf:  absst#  bifesS^R®  MiSli  t-He  4^ 

ysrttlonal  regard  ftiiMly 

lighter  angina  :4f&-  w^f|l%? 

patiomnnca,  and  bebi®?^  ».  7 .  ^  ■  “  '  -;  .;  ;r  .7^.  ".'5 
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-  ^  =^£~x  •rr?---y'r5 

:%:  7  ,;\j”“^;7  '"7v---  ';'^^^-^ 

77./ s  :.  ,? ,^77-  j77'7>77:'  77?TSii 
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&*)  8,  a  bast?  consul  StfSMs  eeneapt,  mttzk  m%l&il&£  tha  z&tu 

a  «-,>£  «i  *w,  i  *»  a  «+«.•?  ^  w*«  k>.  i  I  «-».%« a  as  s  «  ri  s* zxir  ':  £  i  -tr-xl 

«v  »jm  wj-imv^wr  ”~**5  *  S"“®  *w  f  "»»»-  »-*-  *— — --T -*  «-  -• 

#*««  i>  9 ..  i  ^  »«,  'ti.ji  *  Wm  ««A#w^vi&iF  v*  m***  serine  j&Vfiictftffi 

\y/  7  i  ?>  t-7t  te**VH3flr»,|WV'S«  B«»»r  Jt  »««  ~'**VW’~**~  **  «F  *  *•"- 

i^u*.  iSU.icA  I »  ~  U!»u»  W»  ?***  fOSSWinFrtit 

VII*-  t  ?JW «(!«■  *.4 fc  »fy.  '■•'jja  «m  erv  ***»«,-*■-*  — -*  —  - -  —  —  -■  -  *»-  -  -  -  <T  .--a .— 

performance  ievois,  Incorporate  a  lightweight1  Composition 
nos&le  ansi  bo  designed  to  operate  at  2740-piiia  ’V^ine! 
chamber  preeau*®. 

{V}  IQ,  Daaod  on  the  weight  analysis,  weights  of  34S0  lb  er.d  2680  lb 
hrfve  b&orr  estab'U  &i  to r  th«  lOCMnoh  diameter  250R  demon¬ 
strator  and  flight  anginas,  iwspactl  vely, 

3.  APSJOATltnfV  StUDi^S1 

<tf)  1,  it  wi-s  concluded  that  the  mechanically  glmnated  *hru*t 

t^etsi*  control  system  provides  better  pe»  torfnanee  for  all 
Uia  M?  easas  than  hot-gas,  secondary- inaction  systems?, 
Uher^fora.  tha  meehahi^]  ’  y  gJ  mbs  led  TV£  ey^tem  ha*  bean 
s«l«f^ted  iot  ihs  d«ma*  orator  module, 

(U)  %,  it  v&ti  eonoludvd  that  of  the  major  advsn&R-gsa  oi  fclw 
staged- ubmbiis'iiofi  engine  moduli  is  that  £h«  ability  to 
gfcage*»ateh  the  nogste  a?sa  ratio  co  eh®  earno 
paekags  <idd(>,  greatly  go  the  versatility  oi  fc!w  engine 
to  achieve  high  vehicle:  perfuitasnce  for  all  c»3®s  studied, 

c,  mourn  mmstmmm 

<C)  X,  I l%m<i  on  the  5@K  cooled  staged- combustion  tostt,  it  w&s 
ogofriude'd  that  the  it'aospirstion  coolant  Slow  sould  be 
ze&s.ssd  to  1%  of  total  flow  for  the  250K  chamber}  subsequent 
iStyfe itt^ged- comb4Gfcien  tests  confirmed  this  conclusion, 

•  ^  -  '-"  - 
<€?)  1,  Bd^  en.th®  /Inal  perfowtwinca  analysis  of  the  5QK  staged- 
cemb«stion  tcgta;,  It  was  concluded  th&fc  56%  of  the  tHtp- 
reticAl  Itapulse  at  rated  thrust  up  to 

-V  so  overall  mixture  ratio  of  6,0  can  be  a tea load, 

(€)  3,  the  SDK  two* position  nossie  teats  demonstrated  that  this 

concept  can  yro.visie  the  desired  flow  stabilisation  over  the< 
5il  throttling  range  with  email  eahauat  gas-side  loads, 

hi '  ■  ttimomt  c^HiOKSRts 

(U)  1,  it  «48  cd,?ciud@4  that  35tsa  x  lt®®a  M3J  44ISJ  roller  bearings 
will  provide,  tha  bast  design  cliaracfceristics  for  the  fuel 
turbopumps ,  " 


l1?He  ippXications  Stuvy  aubtasb  discussed  in  dateil  iu  a  separate 
iissl.  report,  mJi~n~67«Z?v>  ''milcmms  S'  Jy  for  e  High  Per- 
fvw&nm  yryogsnie  M-Uofdbus  Sion  Hockei'*'  ^glne 

^ "  -  *  '  -  ^ 


(U>  2,  gstetd  km  the  ftjsia  £&$£$  m4  Mmi&g  t  ^  **&Mai*^  m*&* 

®5TH?iBS  fcS  ^ \  3-5if  T~  f  ^.laT Rini  ’■■  V  iff-SvC*  s^il  , 

(3)  3f  Bases  on  ch®  saFOOp-^p  cosiponattus  inv<s$iigai.it>n  t  h%  w«» 
coneiudsc  that  a  Folia*  coating  life  oi  tv  Hv3s#  w* Sh  « 
rsdial  load  a£  l?0Q  lb  at  i8,QQ0  rpiS  1$  &«albU  but 
additional  dsyelo^nt  is  nssded  to  selv®  the  <cail$? 
s Hawing  «tobl«a. 

i,  m%wi  susm 

(C)  \ .  A  coap*rison  was  s&de  of  aitomativ®  oaglne  control  jys  terns 
chat  use  chsafenr  pressure  as  an  Indication  of  thmsfe  love- 1 
and  that  ufts  direct  ssaa&s&t&m&t  © t  the  £ual  and  miHmr 
flow  m%o,  It  was  concluded  shsfe  &  tt&jor  sdw-ot«gg  in 
goa^rssy  and  repeetefelllty  rasulfes  £s?a&  using  £h®  flcKssettfr 
©osciroi  ac  e$r.ps?ad  with  th«  ptasruzs  ttaasttrstaent 

coftwsol  system, 

$)  3«  Bfigad  on  a  ©stalled  valve  setantinn  study,  it  wap  sensiudad 
that  butterfly  vulvas  wore  bast  for  both  the  cniKtora  ratio 
and  fcbruefc  control  valvns*  &  c&vltaelng  jtniurl  was  btat 
got  the  charts*  coolant  vslva,  and  a  sleeve  vrIv$  m&  brst 
got  the  flrow  divides?  v&lvsT 

(U)  3,  Sased  on  ceUbrsti^s  and  hot  Hiring  taste  *  both  fSt*  £1»* 
divides?  vsiv*  sad  iaiktura  rati©  vtf,ve  have  egtiafeetsrliy 
dsaonsfetatnd  basic  ©osponent  operating  chatftcfesxiEtiss, 
Further  dcvelojH&ent  is  needed  so  m$t  9£&ll$  M  dynamic 
leakage  limits, 

<U)  4.  h  Kspton  9  and ,f*P  -teflon  lij>  seal  will  ««i  oventoasS 
leakage  targets,  ■-' 


(C)  i,  -  Uafcer 
and  one 

injector  configuticidns  t©  determine  tUs  test  esoaislng 
• :  '  «»d  perforaing  configuration  «t  iM-t  35X,  and  i{H&  flow 

•  j  conditions*  ft  was  ioncjudsd  th-t  the  dual-orifice  ©lisps 
with  *  straight  through  psrlanry,  *  tangtatiel -slot  secondary 
end  a  15- degree  convergence  ang'b  was  Mat  fog  the  250&  - 
pjfsbuffnsr  injaefeor  okidiadt  eiessdni, 

(§}  2,  data*  flow  teste  ware  conducted  <m  a  sis-aiesaeaSr,  &ml» 
otifice  fiunfigutation  thet  ts?r82<gnted  the  cross  section 
of  tfet  pr*bur<uf  injsdtor,  5&%*.a  tests  wise  eesduesed  to 
investigate  the  fillies  chatseieifif tics  of  the  Mcctifa iry 
passage  end  to  investigate  the  effect  of  hydro$is.tic  head 
son  aim^gf  ratio  and  ts^rstura  pg&iittiz  iSiess  tests 
slndieafeed  thkt*  bsldw  U?,  thrust,  the  hydrostatic  head 


i  &  fr-nr  sfte*  fives  te»  hottosa  could  produce 

st  glwftrMfcfra^?^  *~t  a*  s£  J_ae  £rkw*fr  t  r&«  <*£  fl»»|nwiBMi|atb  SHQA^  B  ^ 

\  t  vj&a  k^y *  >p$  <*»*  £$*&  ^  ta^y^Aa  iU\g  ***«  *  ^VjSS’S**’!* 

drop  m  323  4>sid  at  uo&insl  thrntt  tsould  eliainAfco  sh$ 
distortion  esussd  by  the  hydrostatic  offset. 

(U)  3.  &t  was  concluded  th^t  weoburnar  ignition  sasa  coas  is  tent 
and  eosbustlon  was  dynamically  stable  based  on  pulse 
tests.  It  was  also  concluded  that  redesign  of  the  pro- 
burner  d<?8*e  flange  to  a  How  r&t*d  pressure  operation  and 
redesign  of  the  preluraer  injector  to  provide  a  ante 
uniform  temperature  profile  is  required. 

£,  mGSB  CfMBUStiOH 

tv)  1«  Full-scale  h  t  & goo » c vraly.i s  i  i v«  pe? fnF^suc?  tost  data  indicate 
the  96%  specific  impulse  efficiency  goal  over  the  5  to  7 
s«ijr5u*r»  ratio  is  Tests  at  100%  thrust 

haw  exceeded  54%  si  thsnraticsl  shifting  specific  impulse 
at  overall  at  mixture  snt-iG»  between  5  and  6,3,  Add l lion* l 
development  will  be  repaired  to  attain  the  96%  efficiency 
level  between  mixture  <*H os  of  6.3  «n4  7  and  to  achieve 
the  95%  efficiency  during  throttling. 

(C)  2.  Based  on  eh*  2S&K  staged*  ewuvst  ion  tests,  feasibility  of 
the  full-scale  tandtift-* c oabua. i, ton  concept  was  demonstrated 
by  'Operation  between  20».  and  100%  thrust  with  steady- state 
data  points  taken  at  20%,  50%,  70%,  and  100%  of  thrust. 

(U)  3.  These  25QK  tests  indie  -.las  that  the  fundamental  design  of 
the  250%  staged-cesbustion  rig  is  sound. 

(U)  4.  Eased  on  the  50K  and  2.50l£  two-position  nereis  tests* 
fusibility  of  this  esoeept  was  u*?aionstrated. 

(U)  5.  Besad  on  the  250%  main  chamber  pulsing  fusts ,  ii  was 

eoisciuass  the  w.fc»*fcer  ursd  injector  *rs  dynamically 
stable  in  their  present  configuration. 
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<U>  the  module  design  studies  vatu  conducted  to  combine  the  component 
technology  data  into  an  engine  ay**®®  with  the  requires*  performance* 
weight,  simplicity  *  reliability »  life,  and  versatility. 

(U)  Component  perfon&snee  data  we  if  a  integrated  with  engine  cycle  balance 
studios  to  optimise  the  engine  configuration*  these  cycle  balance  data 
were  used  to  define  the  component  requirements  for  hardware  designs  and 
to  supply  the  basis  for  dynamic  system  insulations  used  In  transit fc  and 
stability  analyse** 

(U)  Parametric  engine  perforeance  data  for  wide,  ranges  of  thrust*  chamber 
pressure,  area  ratio,  and  norsle  contour  were  generated. 

&.  sm&m 

(0)  the  major  accvwf.Ushrisnfc  of  the  module  .  ysteas  analysis  task  was  the 
definition  of  the  demonstrator  engine  system  for  the  Phase  il  program. 
the  recosssended  engine  configuration  uses  a  staged- combustion  cycle  and 
incorporates  a  Lightweight  two-position  boll  norale.  The  overall  engine 
performance  was  determined  by  combining  the  Individual  component  tech¬ 
nologies  that  have  been  demonstrated  during  U SAP,  KASA,  and  company 
programs, 

(U)  Ihe  engine  propellant  flow  pith*  and  relative  location*  of  the  major 
components  are  illustrated  in  figure  1. 


a***-' 


»nW»ifa> 
p  *»» 


.WVM«« 


Figure  1.  FropeUant  Flew  Schematic 
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(U)  The  turbopumps,  prebvrttur,  main  corabustlun  chamber,  anti  eue*r«ias 
are  Integrated  at  the  upjv”  end  of  the  engine  envelupe,  This  assembly 
is  the  "power  package,"  Tills  arrangement  provides  a  system  where  the 
nozzle  skirts  can  be  Interchanged  wlthovit  modifying  the  power  package, 
except  for  retimmlng  of  control  jet  tines.  Engine  driven  low*spe«4 
inducers  provide  low  NPSll  capability  for  the  fuel  and  oxidizer  systems. 
The  physical  orientation  of  components  is  shown  In  figure  2. 


Figure  2.  250K  Engine  Component  Arrangement  PB  21027A 

(U)  Estimated  demonstrator  and  flight  engine  characteristics  are  compared 
in  table  II.  The  flight  engine  data  w«te  derived  projected  improve 

meets  In  turhopump  efficiencies,  reduced  main  chamber  coolant  flow,  and 
(lightweight  designs. 
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l*t\  •**r»3R  csysiwo  »  *  **««#£» 

*%«««  fry  9J»  e*  *A»**«t3 


Vacuum  Thrust,  lb 

250,000 

250,000 

Heainal  Oh&sbs?  Pressure,  psla 

2740 

3009 

tsossie  Area  g&tlo 

Sstendsd 

166 

184 

Retracted 

SO 

80 

NFSH  Required),  ft 

fml 

60 

60 

Oxidise? 

16 

16 

Vacuum  Specific  Impulse,  sec 

r  »  5 

462 

465 

r  »  6 

460 

463 

y  «  ? 

450 

456 

Bry  Weight,  lb 

3450 

2SSQ 

Overall  Siaaeter,  in. 

100 

100 

t<eosth,  in. 

'^ossie  Extended 

170 

166 

■HdssU  Retracted 

101 

50 

ThruatRsngs 

20%  to  100% 

20%  to  100% 

Sistura  Ratio  Range 

5  to  7 

5  to  7 

(if)  fhu  flight  engine  das*  were  used  to  establish  the  bat*  points  foe  th# 
parametric  analysis  cf  angina  performance  and  envelope,  The**  psraastric 
data  were  used  in  the  Applications  Study  portion  of  this  protean* 

01)  She  above  engine  configuration*  Mare  detined  «•  a  result  of  a  con. 
tinuous  process  of  cycle  and  component  investigations  and  analytes.  Fra* 
diction  of  steady-state  performance  oyer  the  thrust  and  fixture  ratio 
operating  ranges  was  computed  and  transient  analyses  Mere  conducted. 

A  control  system  analysis  was  conducted  to  establish  the  engine  dynamics 
inf  to  estimate  the  control  system  requirements. 

c,  Amtaxs 

l.  Bes^ntrater  Engine  Analysis 

a « General 

<d>  She  primary  purpose  of  the  demonstrator  angina  analysis  was  to  define 
e  lighmeight*  high  performance  rocket  engine  configuration  that  would 
have  i&e  characteristics  outlined  in  table  ill.  Results  from  individual 
related  cb&pcoeat  technology  programs  and  advanced  angina  design  studies 
vers  used  to  determine  the  overall  engine  performance.  A  steady* acuta 
cycle  balance  wes  evolved  that  provided  5:1  continuous  throttling 


capfibiijty  <jq«  iii ?  i  &  otEur^  ratio  range  {5  %*?  7}  as  s.*j  epypscinfj  t.hn«»6 
l avals »  Ihe  engine  CJSpdnenc  oifeAggi  mv%  upiimi?,?*  J|@  pi^vidv 
mixture  ratio  range  eiipabiUty  with  minimal  apard  and  pressure 

requirement.  Technology  limits  wars  aet  at  the  stated*  ebe^srS  lavs  In 
demonstrated  in  the  high  pressure  component  technology  pro^rasH  conducted 
under  contract  for  tht  Air  Force  and  HAS&,  or  by  F&2&  under  Independent 
programs . 


(C)  Table  III.  Comparison  of  Engine  Character  1st:  ice 
and  %«(5uirsKenta 


Item 

Requirement 

&8»0fi«trstor  Snaine 

Flight  Engine 

V«**w*  I»sii 

iia.SaS  1»  si  MT.iiMl 

HdjSOl  1%  9  /ry*t**  1  Ag^gV- 

tw.ftso  19  e  unlMi  *i2**f9  <1*119, 

>«  tavai 

am  t9*«ty*i- 

5*  9  «atiHi  a4ai9*i  * 

1M.068  li  9  *oB|Mt  9UIM*  »«U: 

HUUM  MilMiaU 
»»Kin.  !«*,{,* 

i.  *  f'\*i  Mini* 

n\  o« 

?i5 

91,41  »?  UunUttS  £u?|t*4 
lv  $  *1,1  UUU  Mi  |  ll: 
«,a»i:HaEr**i>al  tH£U* 

U  #  -SHM  IbWl  SftJ  1 »  9, 
i  aii  llwiuul 

1*  a  **il  Hun  ttlr.i, 

H.Utf  (M9*9«t«9t  «M<iua 
t#  *  113*99  01  !  »  t< 

»*.*»  *}  mmiutl 

U,  t  l«U  Mststt  ts4  t  «  1, 

«.« II  IHttlllWl  llllliH 
).  *  ttt*9  tiMll  *a9  f  •  9, 

U  *f  ttUMtUl  *41(11*9 

1*  S  rat  Man  «H>n 

M.IS  *t  HMMltUt  «*ten*9 

1*  «  *H  llM  Mt«i. 

I*?*!  It  1*9  »>•»»* 

CMti9»!«U  9«R  1*  it  tmt*: 

t*l*9i< 

««H  C*  19).  t»U4 

(hdVtl. 

Ubiimmi  <«m  li  tit,  it  rcl»* 
limit. 

MUM 

*£>  U«tllt«, 

K'tO  Hull  Uli  «*f*t  11*99  «W 
flit*.  UM  fbUi  *m  tmin 

tilt*  «<*  till* 

KM  99*94*  *119  «99*<  1199*  »,«0 
mu.  UM  999919  atm  Uhui 

lift*  nil  IUU, 

Ki?.tvft  UU*  U*ir 

laaiM  «U*  *««*  i.$ 

UtlH  liiulai  li*  I.fr  19  I.S 
.  t\  H|  Umt  !»t«m  left  ul 

3t\  «!  J9i e9 
bill,  flUt  9.U. 

u«U!(«  Itrt  3,4  t*  1.4 

9*  **>  WUt  UlMK  SMn,  Ml 

Kt  *1  IUU  Itrni,  3*919*1 
UtlH  9*l»l  1.1. 

Ian  IUU 

*»»4  1  vlfcdl  f*9»»K«»i»**  «S, 
WM«  ***  •♦»»*  ««»*  WiUu 
<n«*U  «*n#  «*!m 

ItMiit  -.ill  m  **•$•*  IM 
itiMl, 

i&*i  9i*|*  Ills  HIM  *f  IM, 
it*Ss<  liUKtrl  «f  IM  1A1M9, 

MW  JlISi  919*  till*  if  11, 

mill  itmiii  il  M  imm. 

Pit  H9IH  09*  Ml«9l  UWIUNI, 
Ml*  **»!»  HIIU  1*  UIUIU  19* 
MM  IMM  !H  Mf  It  IM  M91llM 
UllBl  ill  tM  *99UllU*3l  U**y, 

iHHUoKMItim 
et  MM 


Mlllm 


»M!**V**>«1«  Ul*t. 

I*>* 


**«*nttir 

ll**t»  «isale**m 

•*»  9»rtit*» 

t* 

t**t««l  CtHMUty 


-Vtf  It  (turn*  tim  mcsft) 
lir-  m*f**»t 

(ithAt  minr  ; 
uti  H  it  mm  »«*»  «w  tu 

t»*  ’,*.«!  i*  <*>w» 

Ca»M  HftilHItaH  -lie 
«ut  wt;>  S'*  irvuitwi *.»* 
*»wi  <tit*  H'l  it«nn«3*,  to 
MUi  eii*  H'»  <fta.t«tt«. 

Sa  *Ml»  *S1I  Mtlltr*  *9 
«i»ai  f«M,  »iti  n*  mn»‘ 
lt*V  B(«l'tlM!MI  pm#* 
•cf  Jew  91U  Ml M  Siil  IM  ' 
«eiiin 

10->*W  IM  HiMtt 

149  tMHi  jM  HMt«,  *» 

>Vn«l  ;xl<i,  19(499  «I*4 


ieii  i*  n  new  umv*  m 

|t«j^n  MIDI  tW<lUH 

U)l  tS  fl  m.*  * f»  u#  tu 
ttatftn  MtUi«  t«eottB« 

«•  *iS, 

1m  left]  i»  ,*>m 

Imtlm*  M**l*r*lt9V>t  19* 
*!«l  iti*  l*'a  l»«ct**-fn,  I.H 
alll  >*#  Hu*****.  1* 
«sai  tKi  W*  UtVWH, 

Al  HilU  «UI 

tHMWl  |«W(  IlMta  •Ml*"' 

It*  •«  MMl  et«Ub*t  tom 
M  MM  HU  bit*  In*  i» 
WtbHi 

IMSSriM  **ww»  fs«U*l5, 
iW  lUHlV  5»  turn,  S» 
*»**•*«  19,0*3  *ll« 

fjtitts 
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o£  these  easts  can  be  used  in  designing  the  hardware  for  a  demonstrator 
engine, 

(Q)  lleady-etate  /fioalyse*  conducted  defined  the  operating  characteristics, 
performance,  and  weight,  as  wall  as  the  control  system,  for  the  demon¬ 
strator  angina.  Transient  analyses  investigated  tho  problems  of  and 
defi"sd  the  control  system  requirements  for  safe  start  and  shutdown 
operation.  Samp  times  and  the  resulting  operating  she -aetefisties  were 
defined  for  accelerations  and  decelerations  between  20%  end  100%  thrust. 
System  dynamics  using  both  digital  and  analog  engine  simulations,  were 
conducted  to  investigate  fuel  system  stability  and  to  provide  s  tooi  for 
the  evaluation  of  the  controls  system  transient  operation  and  fuel  side 
stability, 

b.  Cycle  Analysis 

(1)  General 

(U)  The  steady-state  analyses  were  conducted  O  generate  engine  cycle 
date  that  would  define  the  configuration,  ays  turn  characteristics,  end  the 
cos sonant  operating  requirements  of  a  Phase  XI  demonstrator  engine.  Cycle 
data  generated  early  in  Phase  X  of  the  program  were  used  to  define  the 
operating  requirements  of  hardware  designed  for  testing  during  Phase  X. 

(U)  Initial  steady-state  cycle  studies  were  performed  using  gnalyticaliy- 
derived  turbopump  performance  and  results- from  other  sub-scale  component 
tests.  A  continuous  iteration  took  place  between  cycle  and  mechanical 
requirements.  Component  performance  obtained  from  technology  program 
tests  was  included  as  it  became  available.  A  control  system  derived 
from  the  controls' study  for  e  high  pressure  engine  conducted  underCon- 
tract.  HAS8-11427  (Advanced  Engine  Bealgn  Study,  Beil)  .wad  used  in  these 
cycle  studies .  Preliminary  designs  for  major  components  for  the  Phase  XX 
demonstrator  engine  worn  generated  based  on  these  initial  cycle  require¬ 
ments.  Alternative  component  designs  for  the  pre burner  and  tagin  injectors* 
as  well  as  the  turbines ,  were  also  evaluated .  Optimisation  of  engine 
cycles  wee  accomplished  by  matching  thu  main  fuel  and  oxidise?  turbine 
areas  and  designing  the  turbopumpe  at  tha  appropriate  extremes  of  operating 
conditions. 


(C)  Oxidise r  and  fuel  pump  efficiency  levels  demonstrated  during  component 
technology  programs  were  used  for  the  candidate  Phase  XX  demonstrator 
engine  cycle  balances.  An  engine  cycle  balance  was  generated  that  pro¬ 
vided  full  mixture  ratio  range  capability  at  a  nominal  chamber  pressure 
of  2740  psie.  This  cycle  balance  was  selected  for  the  Phase  XX  demon¬ 
strator  engine.  The  operating  region  for  the  selected  demonstrator  engine 
configuration  is  illustrated  in  figure  3, 

(G)  An  alternative  3000- psia  nominal  chamber  pressure  cycle  balance  was 
generated  for  a  demonstrator  angina.  However,  the  mixture  ratio  range 
at  rated  thrust  was  limited  to  ±0.52  frees  the  nominal  mixture  ratio  «£. 


MIXTUEE  RATIO 

figure  3.  Bfiaonstrator  Engine  Operating  Range  fO  210838  ■ 

(2)  Optimisation  Techniques 

<U>  Two  technique*  were  developed  for  optimising  enginn  cycle*  whan  a 
wide  i  mixture  tra  tip  -range:,  eapabliltyi*  required,  -Tj%  £  ir*t  technique 
concerns  bhe 

second  is  the  matching  M  tHefus  l  and  cxid Uer  turbine  area* .  The 
turbine  area*  at*,  arranged-  in  parallel.  The  uaeof  these  technique* ,  - 
which  are  described  in  the  following  paragraphs,  reduce  the  p»«ap  pres** 
sure  and  speed  roquireafdts  at  the  nominal  operating  point, 

(y)  Off-* design  operating  requirements  impose  power  and  pressure  restric¬ 
tion*  On  the  109%  thrust  and  nominal  mixture  ratio  operating  point. 
Increased  po.*«r  end  pressure  must  be  provided  at  the  nominal  operating 
point  to  ace^tspl lab  off-design  mixture  rario  excura ions,  Thte  problem 
1*  compounded  by  the  normal  decrease  in  component  performance  at  off- 
design  operating  conditions.  Thn  design  appfaoch  taken  in  the  ®yel# 
studies  -to  o&tolst  $  .side  mixture  ratio  operable,  st  rnng*  was  to  consider 
the  extremes  of  lh«  fixture  ratio  tinge  is  the  design  points.  This 
method  was  used  rather  than  taking  the  nominal  operating  point  as  the 
coaponant  desist  point  end  providing  sufficient  bias  to  reach  the  extremes. 

She  fuel  pressure  requirement  control*  the  power  balance  at  the  lowest 
mixture  ratio,  and  the  oxidise?  pressure  requirement  controls  the  balance 
at  the  hipest  mixture  ratio.  In  addition,  the  minimum  available  turbine 
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(i*^  She.  following  paragraphs  present  a  brief  description  ef  th®  major 
cossponsrits ,  details  of  epaponent  design  ©ptisaiKstion  studies  ^her® 
applicable*  %  .  . 

(s)  Hair.  Turbopyssps 


(C)  Fuel  Fusp;  '-the  fuel  p«s>p  is  a  single  shaft  uni X  with  two  bsckw&o-bask, 
eenfrifttgal  stages  drivec  by  a  twsfcflig*  pressure -cirspoyQdftd  turbine.  A 
double  actiag  throst  balansu  piafebn  sy#ts®  i«  'iacotporafcad  in  the  pan?  de¬ 
ign  so  ctmpsnzste  lor  axial  ■  thrust  unbeihuos.  The  fuel  paasp  was  designed 
far  the  operating  conditions  si  as  angina  misins?*  ratio  of  5.0.  the  pucp 
efficiency  of  64%  the  design  ppiakt  %\ii  ©#t«!*lis&te  oc  the  basis  of  re¬ 
sults  from  35M  fuel  patsy  tests  conducted  under  Contrast  HAgg»U?14. 

(C)  Osrldi @«r  Fusp;  Tho  osidist?  pussy  is  «  slfigia  shaft  unit  with  a  sifigle, 
shrouded  centrifugal  otaga  drives  by  a  tv© -stage  psesaure-eompeusde J  turbine , 
A  slagls*«ctiag  ghrusi  JsSWaca  pistes  chsotbh,.^sti,il  thrust  unbalance*  The 
oxidise?  puisp  m $  dgsigssitS  Spa  tbs?  msntm&  ugidisar  operating  firm  con¬ 
dition  Ct%iee . eiatura  rsfc io  of  ?).  ftsttp  efilciwaey  at  the  deaiga  point 
was  mt  aj  or  ilv*  rasuiM  of  35 OR  oxidise?  pussy  tests  conducted 

under  ©aat'ract  ^A30«,I0540.  $f&££  of  designing  tb®  pyapa  at  the 

@37.issi&  flow  eswsditiCBS  on  diachsfja  preaeurss  4®  illustrated  in 
tabis  IP.  -  '  .  '  ■  -  ;- 
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1C)  Tabis  IV,  ctja,£5gss  in  Fuap  Discharge  Tressures  Indic^fcgd 
&/  Turbapuffip  OpcLnis&t ion  Study  Results 
(Hsxiauas  Turbine  Inlet  Temperature  »  ^325"i^> 


Fuel  J\tmp  Oa Wiser  Fump 

r  *  3,0  r  6.0  ?  *  7,0  r  *  5.0  t  B  6.0  r  *  7.0 


Design  Sain  Tutbo- 
jttasps  at  &wsiaal 
Hiatus*  Baiio*  pals 

©«sign  M*i»  turbo- 
puraps  at  tiaximsss 

flew  Conditions ,  ps  iA 

Two- Stags  Ossidiser 
Turbine,  psie 


6010 

5640 

5640 

7630 

5830 

5770 

5855 

5612 

6314 

74,20 

5947 

5804 

5590 

5280 

5880 

4920 

5610 

5480 

{&>  furblim:  The  ssln  fuel  and  oxidizer  turbines  are  t«n*s£&ge,  pressure 
<o tspouadad  turbine*  designed  to  operate  -vitH  lew  mixture  sati©  preburner 
coa&usti«a  products.  Conaidaratien*  involved  in  the  selection  of  the 
ouster  of  turbine  stages,  blade  type  (integral  or  attached)  and  blade 
raat^rlpil  are  presented  in  the  following  paragraphs. 


(V)  4  study  of  possible  improvements  in  she  oxidizer  turbine  p*rforasnc- 
\m»  completed.  The  oxidizer  turbopuasp  ^as  not  critic*!- spaed- limited* 

«5nd  therefore,  the  same  rotor  speed  could  he  retained  for  either  the 
single  or  two-stage  configuration,  Further,  space  limitation®  prevent 
using  a  large  turbine  diameter,  which  is  desirable  for  *  single-stage 
design.  A  turbine  efficiency  gain  of  approximately  14  points  can  b* 
realized  with  the  use  of  a  two-stage  design.  This  is  nllustsated  in 
figure  9.  However,  turbine  disk  cooling  flow  cannot  b«  used  for  turbine 
work.  Also,  leakage  of  Ist-stage  coolicg  flow  imposes  a  minor  efficiency 
penalty  on  the  2nd- stage  turbine  efficiency.  The  net  result  of  a  two- 
stage  oxidise?  turbine  on  Che  system  Is  shown  in  table  XV  and  is  of 
sufficient  magnitude  to  justify’ the  choice  of  a  two-stage  design.  Design 
studies  indicated  that  the  two- stags  turbine  would  not  violate  the  engine 
envelope  limitations.  Figure  10  illustrates  preliminary  designs  of  .he 
single-stage  and  two- stage  turbines. 


W  surame  taiet  temperature  liuitations  were  also  studied  because  an 
increase  in  this  temperature  offer®  increased  aisture  ratio  .ange  and/or 
reduced  system  pressures.  The  turbine  blada  material  Haiti  the  turbine 
inlet  temperature.  Because  the  fuel  turbine  operates  at  a  higher  mean 
wheel  speed  then  the  oaidiser  turbine,  the  fuel  turbine  blade  material 
Halts  the  turbine  inlet  temperature,  k  blade  material  tstudy  was  com¬ 
bined  with  the  fuel  turbine  cc, figuration  analysis.  Both  integral  end 
attached  blades  were  cone in  a red  in  order  to  increase  the  range  of  materials 
selection  and  to  permit  evaluation  of  advanced  blade  materials  that  are 
not  normally  satisfactory  disk  materials. 

(U)  The  fuel  turbine  design  directly  affects  the  allowable  rotor  speed 
because  the  turbopump  is  critical-speed- limited.  The  use  of  a  two-stage 
turbine  offers  increased  turbine  efficiencies  as  shown  In  figure  H, 
but  “he  critical  speed  is  decreased,  which  reduces  the  fuel  pump  efficiency. 
iWo-stage  turbines  also  require  an  increase  in  turbine  cooling  flew,  which 
reduces  system  power.  In  addition,  the  wheel  speed  limit  of  each  turbine 
configuration  and  blade  typt  must  be  determined  because  the  possible  effi¬ 
ciency  my  be  Halted.  Therefore,  the  alternative  turbine  configurations 
were  evaluated  considering  their  effect  on  fuel  pump  efficiency,  turbine 
efficiency,  turbine  disk  cooling  flow,  and  allowable  turbine  Inlet  tem¬ 
perature. 


Figure  11.  Msir.  Fuel  Turbine  Efficiency  FD  13 24 OB 

vs  Kean  Velocity  Ratio 
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th)  Ons-  stage  and  st^ge  turbines  were  cons  ids  rsd  with  both  Integral 
and  attached  blades.  PWA  689  (forged  Udiset  700)  wan  considered  for  the 
integral  configuration  because  of  properties  that  sake  it  a  suitable 
disk  mafrtrial ,  in  addition  to  being  a  good  high- temperature  blade  material. 
Sfi>~ was  attached  blades  allow  the  use  of  special  blade  materials,  direc¬ 
tionally  solidified  1H&  664  material  waa  selected  for  the  attached  blade 
configurations. 


(U)  Critical  spaed  was  established  for  each  turbine  configuration.  For 
the  two-stage  turbine  configurations,  it  was  determined  that  the  critical 
speed  could  be  improved  gpproxiraateU  15%  by  locating  the  front  bearing 
between  two  stages  of  the  fuel  pump  instead  of  placing  the  bearing  in 
front  of  the  first  stage.  The  wheel  speed  limit  of  each  configuration 
was  determined  based  on  blade  and  disk  material  strength.  High  wheel 
sp&edc.  arc  dssitable  because  of  the  resulting  increased  efficiencies. 

The  turbina  inlet  temperature  limit  was  established  for  each  candidate 
configuration.  The  temperature  limit  is  a  function  of  the  blading  centrif- 
fugal  stress  and  the  blade  material  properties.  An  iteration  is  required 
between  the  allowable  wheel  spaed  and  operating  temperature. 

(U)  A  disk  and  blade  vibration  analysis  was  wompleted  for  the  attached 
blade  configurations.  Trie  results  of  this  analysis  indicated  sufficiently 
high  frequencies  for  the  unshrouded  blade  designs.  Therefore,  the  candi¬ 
date  configurations  with  shrouded  blades  were  eliminated  from  consideration. 
The  Increased  centrifugal  stress  of  a  shrouded  blade  decreases  the  allowable 
wheel  speed  and  operating  temperature. 

(U)  By  taking  the  various  limits  t *  the  candidate  turbine  configurations, 
the  resulting  net  performance  effect  on  the  system  was  determined  in  term* 
cf  pump  discharge  pressure,  f.  summary  of  the  four  basic  configurations 
is  provided  in  table  V.  The  two-stage  turbine  with  FWA  664  blades  results 
in  the  most  efficient  system. 


(C)  Table  V.  Summary  of  Fuel  Turbine  Configurations 


Turbine  Configuration 

1 

2 

3 

4 

Number  of  Stages 

1 

1 

2 

2 

Blade  Material 

FWA  639 

FWA  664 

FWA  685 

FWA  664 

Maximum  Design  Speed,  rpm 

55,600 

55,600 

30 ,000 

48,000 

Maximum  Wheel  Speed ,  £p* 

1700 

1700 

1500 

1500 

Maximum  Turbine  Inlet 
Temperature,  aR 

2200 

2315 

!**  0 

2325 

Change  in  Fuel  Pump  Discharge 
Pressure,  psi  (r  *  5.0) 

-340 

-556 

-355 

-735 

Change  in  Oxidizer  Fu&p 
Discharge  Pressure,  psi 
(r  -  5.0) 

-360 

-650 

-35G 

-860 

(U)  In  optimising  the  fcurecpviap  to  reduce  the  required  ruei  pump  diac-imtgs 
pressure,  one  additional  parameter  considered  was  the  mein  cue 1  turbine 
vans  exit  angle,  ihe  vane  exit  angle  effects  turbine  efficiency  and 
turbine  blade  stress  and,  therefore,  the  required  pump  discharge  pres¬ 
sure, 

<U)  As  vane  exit  angle  Increases,  less  of  the  velocity  is  directed  tan¬ 
gentially;  therefore,  lees  of  the  pressure  ratio  goes  into  wor'  and  the 
turbine  efficiency  is  reduced.  However,  i«creas*ng  thn  vane  exit  angle 
reduces  the  blade  height  and  therefore  reduces  the  blade  across.  Because 
the  allowable  turbine  inlet  temperature  is  controlled  by  the  stress  level, 
increasing  the  vane  angle  allows  higher  turbine  inlet  temperatures. 

(U)  By  establishing  the  relationship  between  the  vane  exit  angle,  turbine 
efficiency,  turbine  inlet  temperature,  and  fuel  pump  discharge  pressure, 
the  optimum  vane  angle  was  selected.  As  the  vane  angle  is  increased, 
the  power  gain  made  by  increased  turbine  inlet  temperature  overcomes  the 
power  loss  made  by  reduced  efficiency.  However,  when  the  angle  is 
increased  past  a  certain  point,  the  loss  of  efficiency  overcomes  the 
gain  made  by  increased  temperature,  and  the  required  fuel  pump  discharge 
pressure  is  increased.  Figure  12  shows  the  estimated  effect  of  the  fuel 
vane  exit  angle  on  pump  discharge  pressures . 


MAIN  FUEL  TURBINE  VANE  EXIT  ANGLE,  o 


Figure  12.  Effect  of  Turbine  Vane  Exit  FS  17983 
Angle  on  Fuel  Pump  Sis charge 
Pressure 
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(u)  Because  the  male  ojiIuUe:  iu^oiric  l»  not  strsss-lisitzd ,  th:*  1 
turbine  inlet  ktSpctatuiS  in  uSt  CSTivtullSa  by  the  5s it* I  r  tUtblsS  '.“65 
<*xit  angle.  Therefore,  on  the  oxidizer  t'*r±A r-i  it  »„  desirable  to  run 
the  smallest  vane  angle  mechanically  possible  to  obtain  high  efficiency. 


(b)  Low-Speed  Inducers 

(C)  Oxidizer  Low-Speed  Inducer:  The  oxidizer  low-speed  inducer  is  a 
girtgie-tsLuit  unit  with  a  high  specific  speed,  axial-flow  Inducer  driven 
by  ts  variable  inlet  area,  alnglo-stsge ,  liquid  oxygen  turbine.  Turbine 
operation  is  controlled  by  varying  the  inlet  area,  which  can  be  adjusted 
between  5%  and  50%  of  the  total  annular  area.  The  oxidizer  low-speed 
inducer  was  designed  at  a  mixture  ratio  of  7  with  an  analytically  de¬ 
termined  efficiency  of  78.5%. 


(C)  Fuel  Low-Speed  Inducer:  The  fuel  lov-ttpeed  inducer  ia  a  single-shaft 
unit  with  a  high  specific  speed,  axial-flow  Inducer  driven  by  a  partial 
admission,  single-stage  hydrogen  turbine,  which  uses  the  transpiration 
coolant  supply  as  the  working  fluid.  The  fuel  low-speed  inducer  was 
designed  at  a  mixture  ratio  of  5  with  an  analytically  determined  effi¬ 
ciency  of  79.9%.  Analysis  indicated  that  a  variable  turbine  control 
was  not  necessary;  a  simple,  fixed-area  turbine  bypass  provides  the 
desired  control  ianctlon. 


(e)  Prekurner 

(U)  A  detailed  comparison  of  alternative  preburner  configurations  was 
made.  Variable-area  and  dual-orifice  configurations  were  studied  for  the 
oxidizer  side,  and  fixed-area,  variable-area,  and  dval-eleaent  configu¬ 
rations  were  studied  for  the  fuel  side.  From  start  transient  analyses, 
it  was  concluded  that  either  oxidizer  injector  configuration  could  meet 
the  transient  requirements.  Because  an  Internal  shutoff  could  be  incor¬ 
porated  into  either  configuration,  the  desired  low  manifold  volume  (2 
to  10  in?)  could  be  obtained.  While  the  total  manifold  volume  for  an 
external  shutoff  of  a  dual-orifice  configuration  is  less  than  that  of 
the  variable-area  configuration  (table  VI) ,  both  volumes  are  too  large 
for  acceptable  filling  times. 


(U)  Table  VI,  Oxidizer  Treburner  Injector  Volumes 


Volumes  - 
External  Shutoff 

in? 

Internal  Shutoff 

Dual-Orifice 

Primary 

15 

4 

Secondary 

110 

10 

Variable-Area 

200 

2  to  10 

26 


(C)  The  oxidiaer  prsburnsr  injector  system  requirements  were  made  the 
starve  Cor  both  configurations;  i.e.,  c'ne  pressure  drop  provided  by  Che 
oxidiser  proburner  injector  was  the  same  for  both  the  dual-orifice  and 
variable-area  configurations  and  was  equal  to  4,5%  of  the  preburner 
pressure  at  any  operating  condition.  This  minimum  pressure  drop  was 
set  to  maintain  system  stability.  Using  the  above  criteria  the  affect 
of  either  of  these  oxijiser  preburner  injector  designs  on  the  engine 
system  is  the  same  and  the  preburner  combustion  performance  is  a  function 
of  the  detailed  mechanical  design  of  the  injector. 

(C)  The  use  of  either  the  variable-area  fuel  injector  or  fixed  fuel  area 
has  a  direct  effect  on  the  engine  system  and  the  fuel  pump  pressure 
requirements.  For  the  fuel  injector,  a  4.5%  minimum  injector  pressure 
drop  was  set  to  maintain  system  stability,  With  a  fixed-area,  the 
minimum  drop  will  occur  at  the  highest  mixture  ratio  because  the  effect 
of  increased  fuel  temperature  from  the  heat  exchanger  is  not  sufficient 
to  condensate  for  the  decreased  fuel  flow.  Figure  13  shows  the  percent 
drop  as  &  function  of  thrust  and  mixture  ratio  for  a  fixed-area  fuel 
injector.  At  100%  thrust,  the  highest  drop  occurs  at  a  mixture  ratio 
of  5.0,  where  the  fuel  pump  operating  conditions  are  most  severe.  With 
a  variable-area  configuration,  the  pressure  drop  can  be  adjusted  to 
maintain  a  4.5%  pressure  drop  at  a  mixture  ratio  of  5.0  and  reduce  the 
fuel  pressure  required.  Further,  at  a  mixture  ratio  of  7.0  the  excess 
fuel  pressure  available  in  the  cycle  can  be  used  in  the  preburner  injector 
to  provide  high  injection  velocity  for  improved  combustion  performance 
where  the  turbine  temperature  is  the  highest.  The  pressure  drop  for  the 
variable-ares  configuration  is  shown  in  figure  14, 


Figure  13.  Preburner  Fuel  Injector  Pressure  F0  15975 

Drop  for  Fixed  Fuel  Area 
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Figure  14.  Preburnsr  Fuel  Injector  Pressure  FD  15970 

Drop  -  Variable  Fuel  Area 

<U)  Another  important  function  provided  by  the  variable-area  fuel 
preburner  injector  is  the  ability  of  this  configuration  to  compensate 
for  changes  in  fuel  inlet  temperature  to  the  preburaer.  This  function 
makes  it  feasible  to  use  different  regenerative  nozzle  skirt  assemblies 
that  can  more  closely  match  the  engine  area  ratio  to  the  needs  of  a 
particular  vehicle  and  mission.  When  different  nozzle  skirts  are  used, 
the  surface  area  of  the  nozzle  varies,  which  results  in  a  proportional 
change  in  the  coolant  exit  temperature.  This  coolant  flew  establishes 
the  preburner  fuel  temperature,  which  directly  affects  the  injector  drop 
for  a  fixed  area.  This  drop,  in  turn,  establishes  the  fuel  pump  pres¬ 
sure  rise  requirements. 

(C)  Because  of  the  complicated  heat  transfer  process  in  the  regener&tively 
cooled  nozzle  skirt  assemblies,  some  prediction  error  must  be  assumed  in 
addition  to  the  known  variations  due  to  area  ratio  changes.  Based  on  past 
engine  experience,  a  t  20X  prediction  error  la  post.  >le  with  a  subsequent 
i  5  to  IQ%  scatter  band  for  %  developed  configuration.  A  ±  10H  variation 
in  heat  transfer  produces  e  i  2%  variation  from  the  nominal  required 
preburner  fuel  injector  area.  A  IX  required  change  in  area  is  equivalent 
to  120  psl  in  fuel  pump  pressure.  Consequently,  the  variable-area  fuel 
injector  can  provide  for  changes  in  nozzle  area  ratio  from  184  to  60  with 
a  fuel  pump  designed  for  720  pai  less  pressure  rise,  assuming  nominal  heat 
transfer.  The  probable  errors  in  heat  transfer  amplify  this  effect. 
Therefore,  a  variable  fuel  prebumer  area  is  desirable  for  an  optimum 
modular  engine. 

(U)  Dump-cooled  nozzle  usage  in  booster  and  upper  stage  applications  for 
a  range  of  nozzle  expansion  ratios  produces  a  variation  in  the  preburner 
fuel  injector  area  requirements.  Even  though  the  regeneretively  cooled 
nozzle  section  say  terminate  at  a  specific  area  ratio,  the  nuzzle  contour 
(end  thus  the  hot-side  surface  area  of  the  tubed  heat  exchanger)  will 
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(U)  the  aj&in  cmbti&tion  ehesbsr  mss  slotted  wafers  to  provide  psegggee 
for  the  tisnspiratioa  coolant  flow  in.  the  region  of  high  heat  flux.  An 
cuter  shell  serves  as  the  resin  chamber  pressure  veeasi  and  as  a  structural 
member  for  the  support  of  the  exhaust  naeele,  She  cylindrical  combustion 
chdmbn  was  si zsd  to  provide  sufficient  length  to  enfure  good  combustion 
and  high  .performance*  the  exhaust  noaale  selected  for  the  high  pr-ssure 
engine  is  a  lightweight  two- position,  ball  nosssle.  Hie  use  of  thro 
nogsie , improves  packaging*  provides  increased  performance,  and  reduces 
engine  weight*  The  ooexle  weight  is  decreased  by  low  pressure  dump 
ooolingrC  largo  portion  of  the  nossle  skirt.  The  area  ratio  of  the 
nogsl#  my  fee  easily  changed  to  match  the  particular  application, 
Descriptions  and  design  de*~aiU  ot  the  main  injector,  main  chamber,  and 
exhaust  no&rie  sre  provide*  ft  Section  IK, 

(4)  Error  Analysis 

(U)  An  error,  analysis  was  performed  to  determine  the  effect  of  component 
performance  variations  on  the  engine  system.  This  analysis  assumed  the 
component  designs  wore  fixed,  and  the  performance  variations  were  eval¬ 
uated  £n  terms  of  their  effect  on  engine  parameter*  such  as  turbopump 
speeds,  turbine  inlet,  temperature,  ansi  system  pressures, 

(l1)  The  performance  variables  (errors)  investigated  included  pump  and 
turbine  efficiencies,  turbine  area,  coolant  flows,  and  norsls  cooling 
jacket  pressure  lose  end  temperature  rise. 

$)  The  analysis  was  conducted  on  a  fixed  hardware  basis,  which  is  the 
equivalent  to  an  initial  tost  of  she  engine  where  performance  variations 
of  components  would  be  trimmed  by  adjusting  control  valve  areas.  Values 
of  performance  for  each  empom-at  ware  changed  individually.  The  largest 
magnitude  of  component  variation  was  considerably  greater  than  the 
expected  engine- fco-englne.  variation.  The  eSfecfct  «jf;  the  variations  on 
engine  parameters  were  determined  and  evaluated  by  two  methods.  The 
first  method  involved  determining  the  required  level*  of  .caaponent  op«r- 
ating  conditions  to  maintain  100%  thrust  over  dm  complete  mixture  ratio 
operating  rungs .  The  control  valve  areas  ware  adjured  to  obtain  these 
opera tins  conditions,  and  an  analysis  of  control  areas  indicate  that  the 
required  area  settings  for  all  conditions  were  within  the  assign  operating 
ranges  of  the  valves.  Hie  effects  of  variations  in  the  engine  component 
performance  on  %e  critical  parameters  using  the  first  method  ara  sussautieed 
In  table  Vli.  Engine  performance  effects  are  given  for  varying  degrees 
of  eoeponent  pc€fo*t8ance  changes ,  The  range  and  number  of  points  for 
parametric  variaticxi  were  selected  to  define  the  nonlinear  characteristics. 


<U)  The  second  method  presents  the  performance  effects  in  terms  of  tha  * 
allowable  mixture  ratio  range  at  full  thrust  and  the  thrust  level  obtained  j 
at  the  extreme.  aixtur>  ratio  operating  points  if  the  turbopump  epweda  | 
and/or  tusbioa  inlet  temperature  are  limited  to  their  respective  nominal  I 
desist  maxima  values.  The  results  using  the  second  method;  are  shown  in  I 
table  VIII. 
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(C)  Table  VXI.  Operating  Condition  to  Maintain  Thrust 
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<C)  Table  VIII.  Maintaining  C  *nponcnt  Limits  (Continued 
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&*}  Ha  In  turbine  nozzle  area  changes  can  be  varied  to  counteract  an  error 
in  component  performance  to  (1)  reduce  the  required  operating  Jsvci »  of 
the  critical  parameters,  and/or  (2)  increase  the  thrust  operating  range, 

(tf)  The  results  presented  ir  les  VII  and  VIII  indicate  that  oxidizer 

turbopump  efficiencies  are  ^  .aportsnt  as  fuel  fcurbopuap  efficiencies 
because  of  the  flat  fuel  specu  characteristic  with  mixture  ratio.  The 
■oddizer  curbopump  efficiencies  are  less  critical  if  turbine  nozzle 
ares  variations  are  permitted,  and  this  adjustment  would  bs  made  for 
large  variations  in  component  performance, 

(C)  The  analysis  was  extended  to  the  thrust  level;  however,  no  limits 
in  engine  operating  range  at  this  thrust  leva  I  were  indicated  from  the 
results . 

(5)  Controls 

(U)  The  objective  of  the  controls  study  was  to  define  the  simplest  system 
that  would  provide  the  desired  com  ol  of  ainruri'  ratio  and  thrust  within 
the  specified  Operating  regime.  This  study  included  the  selection  of  the 
control  and  sense  points. 

<U)  The  basis  for  the  control  system  selection  was  a  detailed  controls 
study  performed  under  Contract  N& S8-H42?.-  This  study  evaluated  several 
control  systems  and  17  control  points  for  an  advanced  high  prnscure  rocket 
engine  system  using  a  prefeurner  cycle.  The  following  description  of  the 
analysts  and  resultant  data  fo-  the  selected  control  point  system  was  taken 
from  this  study,  Four-valve,  isree- valve,  and  two-velv®  systems  were 
analyzed  to  compare  the  operating  range  and  engine  performance.  The 
engine  cycle  blanace  used  in  this  comparison  was  derived  from  the  fixed 
nozrie  skirt  demonstrator  engine  configuration,  This  cycle  balance  was 
subsequently  revised  to  the  recommended  Phase  II  demonstrator  cycle 
balance,  which  provides  full  mixture  ratio  range  &t  rated  thrust, 

(C)  The  allowable  engine  operating  envelope  tor  the  £o«r-vaive  system  Is 
illustrated  in  figure  16,  The  excursion  of  mixture  ratio  at  1*50%  thrust 
is  limited  between  5,4  and  6, ft  by  oxidizer  pump  speed  and  turbine  inlet 
temperature.  The  system  was  more  I 'aslted  ac  high  thrusts  than  the  previous 
systems  due  primarily  to  the  requirement  for  higher  pump  pressures  inherent 
with  load  controls .  No  lower  thrust  restriction  was  encountered, 

(li)  The  area  schedules  for  the  four  control  points  are  also  illustrated 
ir,  figure  16.  A  complex  area  schedule  was  required  for  the  prebumsir 
fuel  supply  control  to  satisfy  the  three  control  functions  provided  by 
this  valve,  ftie  three-vs, ye  functions  were  (1)  coolant  eonceolj,  (2)  in¬ 
jector  stability  control,  and  (3)  load  control,  A  smooth  ate*  schedule 
can  be  derived  that  would  result  in  a  slight  increase  is  push  pressure 
at  reduced  thrust. 


‘’'Advanced  Engine  3c sign  Study,  Bell  (ASB) ,  Control  System  Study,** 
FR-243S,  Pratt  6  Whitney  Aircraft,  31  July  1M7, 
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Figure  16.  Load  Control  System  (4-Valve 

Configuration)  Operating  Region 
and  Control  Areas 
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(C)  A  three-valve  combination  was  derived  by  eliminating  the  chamber 
cooling  supply  control.  To  select  the  coolant  orifice  area,  two  coolant 
control  areas  required  by  the  four- valve  system  at  100%  thrust  at  mixture 
ratios  of  5  and  7  were  analyzed.  With  the  orifice  sized  at  100%  thrust 
and  r  *  7.0,  and  with  the  preburner  fuel  supply  control  scheduled  to 
maintain  minimum  chamber  coolant  flow,  a  significant  portion  of  the  oper¬ 
ating  region  was  lost  because  of  the  prebumer  injector  stability  limit. 
(See  figure  17.)  this  limit  was  encountered  because  the  fuel  side 
control  was  scheduled  to  maintain  the  minimum  required  chamber  coolant 
flow.  If  the  control  had  Hen  scheduled  to  provide  injector  stability, 
excessive  chamber  cooling  vould  iuive  resulted. 

(C)  With  the  orifice  sized  at  100%  thrust  and  r  *  5.0,  and  with  the 
prhbumer  fuel  supply  control  scheduled  to  maintain  minimum  chamber 
coolant  flow,  there  was  an  envelope  reduction  at  high  mixture  ratio. 

This  redaction  was  the  result  of  additional  turbine  power  requirements 
necessary  with  this  smaller  orifice.  (See  figure  18.) 

(G)  With  the  orifice  sized  at  100%  thrust  and  r  *  7.0,  and  with  the 
preburner  fuel  supply  control  scheduled  to  maintain  injector  stability, 
an  operating  envelope  nearly  equal  to  that  of  the  four- valve  system  was 
obtained.  (See  figure  19.)  This  method  differs  from  the  £ir*t  two 
in  that  overcopling  of  the  chamber  was  permitted  to  occur  while  main¬ 
taining  injector  stability.  A  specific  impulse  penalty  of  0.1  second 
results  from  the  excess  coolant  flow.  The  control  schedules  are  illus¬ 
trated  in  figure  19. 


rtmwtimii 


(U)  No  two-valve  system  could  be  established  that  permitted  a  reasonable 
operating  envelope.  Operation  was  limited  to  a  small  range  of  thrust 
and  mixture  ratio  near  rated  thrust  by  a  chamber  cooling  limit,  a  turbine 
temperature  limit,  and  a  maximum  fuel  turfeopump  speed  limit,  (See  fig¬ 
ure  20,)  Retaacching  of  the  orifices  in  the  two-valve  system  would  shift 
the  opeating  envelope  but  would  not  significantly  alter  its  sise. 
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Figure  17.  Load  Control  System  (3-Valve 

Configuration)  Operating  Region 
(Control  Point  7  Scheduled  for 
Minimum  Chamber  Cooling  Flow) 
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Figure  18.  load  Control  System  (3-Valve 

Configuration)  Operating  Region 
(Control  Point  6  Orifice  Area 
Too  Small) 
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Figure  19.  Load  Control  System  (3-Valve 

Configuration)  Operating  Region 
and  Control  Areas  (Control  Point 
7  Scheduled  for  Injector  Stability) 
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Figure  20.  Load  Control  System  (2-Valve 

Configuration)  Operating  Region 
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(U)  The  control  system  selected  for  the  demonstrator  engine  was  a  three- valve 
This  system  allows  the  excess  turbine  power  available  at  throttled 
conditions  to  increase  the  pump  opeeds  and  pressures  at  the  desired  flow 

nod  then  throttles  the  pressures  to  the  level*  required  by  the  engine 
aretes,  The  three  primary  control  functions  arc  provided  by  the  preburner 
\mrti\bie-area  fuel  injector,  the  prebumer  oxidizer  flow  divider  valve  and 
£h£  main  chamber  oxidizer  flow  control  valve.  The  primary  control  valves 
%ti\  %ts  ea*ily  accessible  locations  on  the  engine.  A  demonstrator  engine 
system  schematic  showing  tha  control  valves,  propellant  shutoff 
fj& t ,  and  propellant  flowmeters  is  presented  in  figure  21, 


(U)  The  primary  functions  of  the  prebumer  fuel  control  are  to  throttle 
excess  fuel  system  pressure  and  maintain  stable  preburner  injector  per¬ 
formance  at  reduced  thrust  operation.  In  addition,  the  preburoor  con¬ 
trol  will  provide  the  proper  fuel  system  resistance  so  that  adequate 
transpiration  cooling  flow  is  supplied  to  the  main  chamber  throughout 
the  operating  regime.  The  prebusrner  oxidizer  control  throttles  excess 
oxidizer  system  pressure,  regulates  the  prebumer  combustion  temperature, 
prebumer  oxidizer  fiow,  and  maintains  stable  preburner  combustion  during 
throttled  operation.  The  main  chamber  oxidizer  flow  control  regulates 
the  oxidizer  flow  split  between  thfc  preburner  and  the  main  chamber,  and 
serves  as  an  oxidizer  system  load  control  *n  conjunction  with  the  pre¬ 
burner  oxidizer  control  to  regulate  engine  mixture  ratio  when  there  la 
excess  oxidizer  side  pressure. 

(U)  An  analysis  of  the  control  system  was  performed  using  known  instru¬ 
mentation  accuracy  and  precision  factors  to  compare  the  accuracies  of 
a  system  using  pressures  as  the  primary  control  inputs  and  one  using 
directly  measured  engine  flow  rates. 

(U)  In  the  pressure  control  system,  preburner  pressure  &nd  chamber 
pressure  were  the  primary  control  inputs.  These  pressure  measurements 
were  used  in  combination  with  oxidizer  metering  valves  in  both  the  pre- 
burner  and  main  chamber  flow  paths  to  determine  the  engine  mixture  ratio 
and  thrust.  This  indirectly  measured  engine  flow  was  then  compared  to 
the  desired  flow  by  computer.  The  values  are  compared  and  an  error  signal 
is  fed  back  from  the  computer  to  the  regulator  portion  Of  the  valves. 

The  accuracy  of  this  system  is  shown  in  figure  22.  The  large  error  at 
lew  thrust  levels  is  caused  mainly  by  the  dependent®  the  system  on 
the  pressure  transducer  measurement  precision,  *dUch  is  expressed**  a 
percent  of  the  full-scale  reading.  Therefore,  the  system  error  increases 
as  the  absolute  pressure  level  is  reduced  at  low  thruajtf  . 

(C)  Xn  the. second  system,  the  fuel  and  oxidizer  flow*  are  measured  directly 
Flowmeter  errors  are  proportional  to  the  flow  and,  therefore,  the  turn¬ 
down  in  flow  at  low  thrust  does  not  magnify  the  error*  as  in  the  case 
where  pressure  transducer*  are  used.  The  gain  in  overall  system  accuracy 
is  also  shown  in  figure  22. 

(C)  The  precision  of  tne  flow  measurement  control  system  at  the  100% 
and  20%  thrust  levels  is  presented  in  figure  23.  The  mixture  ratio 
and  thrust  precisions  for  the  nominal  and  minimum  thrust  levels  is 
£2.5%  and  0.8%,  respectively,  at  mixture  ratios  of  5,  6,  and  7,  The 
above  precision  wives  reflect  unly  thh  capability  of  the  flow  measure¬ 
ment  system  and  do  not  include  the  effects  of  the  control  system  computer, 
control  actuator  precision,  ttc.;  however,  all  other  effects  can  be  con¬ 
trolled  to  the  extent  that  the  measurement  system  inprecision  is  the 
primary  factor.  The  overall  thrust  and  mixture  ratio  control  capability 
will  then  be,  approximately,  equal  to  the  measarement  system  capability 
and  will  meet  the,  specific  requirement  of  £3%  at  rated  thrust. 


n 


(€}  Locating  the  flowmeters  between  the  low- speed  inducers  and  the  pumps 
increases  the  oxidizer  and  fuel  inducer  horsepower  requirements  by  15% 
and  30%,  respectively,  at  the  highest  flow  rates  to  provide  for  the 
meter  pressure  loss.  However,  there  is  sufficient  excess  power  available 
in  both  inducers  to  allow  placing  the  meters  in  this  location. 

<C)  the  selected  principal  control  inputs  were  the  fuel  and  oxidizer 
flowsheet  signals.  The  flowmeter  readings  are  compared  to  the  desired 
input  and  differences  between  the  actual  and  desired  flows  are  used  as 
error  signal  inputs  to  the  engine  control  system. 

(6)  Demonstrator  Engine  Configuration 

(s)  Operating  Characteristics 

(C)  The  demons tra to:  engine  cycle  balance  was  derived  using  conservative 
estimates  of  component  efficiencies,  system  pressure  levels,  and  coolant 
requirements  determined  during  the  component  technology  programs  to  date. 
The  estimated  operating  characteristics  o£  this,  engine  at  rated  and  20% 
thrust  for  mixture  ratios  of  5,  6,  and  7  are  presented  in  table  IX, 

Vacuum  specific  impulse  during  throttled  operation  for  the  upper  stage 
configuration  is  presented  in  figure  24.  Performance  as  a  function  of 
altitude  for  the  booster  application  is  shown  in  figure  25. 

(C)  A  3000- pnia  nominal  chamber  pressure  cycle  balance  was  generated  using 
the  sum*  pump  efficiency  levels  as  cited  above.  The  specific  impulse  for 
this  cycle  was  less  than  1  second  greater  than  that  achieved  with  the 
selected  configuration.  However,  the  mixture  ratio  range  at  rated  thrust 
was  limited  to  ±0.52  from  the  nominal  mixture  ratio  of  $,  and  it  was 
therefore  dropped  from  consideration  for  the  demonstrator  engine  configu¬ 
ration, 

(C)  The  recoramended-dem^nstrator  angina  configuration  has  a  relatively 
small  fuel  system  volume  because  of  the  use  of  the  two-position  nozzle. 

A  small  fuel  system  volume  tends  to  reduce  the  livelihood  of  the  occur¬ 
rence  of  fuel  instability.  However,  an  alternative  cycle  balance  was 
generated  for  an  engine  with  a  variable-area  fuel  pump  discharge  valve 
to  provide  additional  fuel  stability  if  it  is  required,  in  addition  to 
providing .a  variable  fuel  system  pressure  loss,  this  control  also  serves 
as  the  fuel  shutoff  valve.  The  availability  of  sufficient  excess  fuel 
xystera  pressure  at  off-design  conditions  permits  the  use  of  a  variable- 
area  fuel  pump  discharge  valve  without  appreciably  affecting  turbopump 
operrtlon  or  causing  &  degradation  of  engine  performance.  The  nominal 
chamber  pressure  was  reduced  only  10  psl  to  2V30  psia.  The  fuel  system 
pressure  losses  were  distributed  between  the  fuel  pump  discharge  valve 

and  the  prebumer  fuel  injector, . A  uni  variant  area  schedule  was  selected 

for  the  fuel  pump  discharge  valve  (controlled  as  a  function  of  thrust 
only).  The  remainder  of  the  fuel  side  pressure  loss,  which  provides 
the  control  functions  for  injector  stability  and  transpiration  coolant 
flow,  if  in  the  variable  preburner  fuel  injector. 
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Figure  2*.  Va cusps  Specific  Impulse  vs  FD  21059  Figure  25.  Altitude  Fcrfomaac*  to r  '  H>  2121 

Xforu^t  (Upper  Stage)  Booster  Application 


(U)  The  j  rel  imina ,  y  results  us  log  the  current  analog  computer  simulation 
indlcUteu  the  ;>f*(.sun  droji  may  ue  req.ij.fed.  The  pump  discharge  pressure 
drop  schedule,  however,  will  b*>  affected  by  the  control  system  dynamics 
an  well  at.  the  engine  system  dynamics.  Because  the  control  dynamic* 

<1  re  not  completely  defiled,  &  conservative  estimate  was  made  tc*  assure 
stability  in  a  demonstrator  engine  fuel  system, 

(€;  Hit  available  pressure  loss  at  a  mixture  ratio  ol  7,0  from  the 
alternative  cycle  balance  is  compared  to  the  estimated  requirement  in 
figure  26-  The  shape  of  the  available  loss  curve  results  from  the 
smooth  univariani  valve  area  schedule  selectee,  at  a  mixture  ratio  of  5 
to  minimise  the  effect  on  cycle  power  and  control  system  complexity. 


Figaro  26.  Fuel  Valve  Pressure  hr op 
Srhedu  li* 
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(U)  Kor-?  detailed  studies  are  needea  using  6  revised  analog  computer 
i  Inaj  is  t  iu(i  m  ino  AF-iiO?  cycle  bnias-cv  w  Bctcnoio?  whether  the  fuel 
system  wlM  enquire  a  stability  valve  at  the  main  pump  discharge. 

(b)  Engine  Description 

(U)  A  propellant  tlow  schematic  illustrating  the  principal  flow  paths 
of  this  engine  is  shown  Ir  figure  27.  Hydrogen  and  oxygen  enter  si  tha 
engine-driven  low-speed  inducers.  The  low-speed  inducers  are  used  to 
minimize  vehicle  tank  pressure  requirements  while  maintaining  high  speed 
main  propellant  pumps  for  high  turbopump  efficiencies.  The  low-speed 
fuel  Inducer  is  a  single  shaft  unit  with  an  axial- flow  inducer  driven 
by  a  pat tial- admission,  single- s tage ,  hydrogen  turbine.  The  low- spued 
oxidizer  inducer  is  also  a  single  shaft  unit  with  an  axial-flt-w  inducer 
driver,  by  a  part  la  1-admlr.s  101. ,  single-stage  liquid  oxygen  turbine. 

(U)  The  main  fuel  turbopump  Is  a  single-shaft  unit  with  two  back-to-back 
ceurlfugal  pump  stages  driven  by  a  two-stage,  pressure- compounded  turbine. 
A  double- acting  thrust  balance  piston  is  provided  between  the  pump  and 
tu  rb  i  ne  . 


Figure  li  Propellant  Floe  Schematic  FD  21QQ2A 

(U)  The  oxidizer  turbopump  i  a  single-shaft  unit  with  a  single,  shrouded 
centrifugal  pump  stage  driven  b>  a  two-stage,  pressure- compounded  turbine. 
A  single-acting  thrust  balance  piston  Is  provided  between  the  pump  and 
Curb  1 oe . 

(U)  The  preburnof  injector  consists  of  dual-orifice  tangent  fa  1- swi rlcr 
oxidizr-t  inject  ton  elements  and  var  Lai>le-a  rea  fuel  injection  elements, 

\  fliw  diviJet  valve  i-  incorporated  to  vary  tin  total  oxidizer  flow 
rat-,  i i*i  turbine  inlet  temperature  control  and  to  ad _  the  olative 

flow  ot  tin*  |  •  i  i  uhi  i  >  and  secondary  elements.  The  preburner  combustion 
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chamber  is  ss  Integral  “art  O f  the  transition  case,  which  cm  La  in*  the 
ttitbiP.s  drive  gus  ducts  and  a  cooled  outer-shell,  Hie  main  turbrpuraps 
are  mounted  to  the  transition  case  with  a  piug-Sn  arrangement  fi  the 
turbines  to  fac'lltate  miintalnablLlty. 

(U)  The  main  chamber  injector  consists  of  fixed-area,  tangontlal-swirli  r 
oxygen  injection  elements  arranged  in  radial  sprayham,  j'he  fuel  injector 
is  a  fixed-area  design  that  directs  luel-rlch  turbine  exhaust  gas  around 
each  row  of  oxidizer  injection  points.  A  small  portion  of  the  fuel-rich 
gas  flows  through  a  porous  face  to  provide  cooling.  The  combustion 
chamber  wall  is  composed  of  a  hydrogen  cooled  liner  extending  from  the 
injector  face  through  the  throat  region  to  a  point  immediately  down¬ 
stream  of  she  throat. 

(U)  The  nostzle,  which  attaches  immediately  downstream  ol  the  throat, 
is  composed  of  a  regenera t l vel y  cooled  section  and  a  low  pressure  dump 
cooled  section.  Hie  forward  portion,  which  is  in  the  higher  heat  flux 
region,  is  regenerative ly  cooled  with  conventional  tubular  heat  exchangers. 

(U)  Thu  main  hydrogen  flow  is  pumped  to  the  system  operating  pressure 
level  by  the  main  fuel  pump.  The  hydrogen  is  then  ducted  to  cool  the 
regenerative  section  of  the  nozzle.  The  rearward  portion  of  the  fixed 
regeneratlvely  cooled  nozzle  section  is  cooled  with  the  total  hydrogen 
flow  from  the  main  fuel  pump  in  a  single  pass,  counter- flow  heat  exchanger. 
Most  of  this  flow  exits  the  nozzle  at  a  point  downstream  cf  the  tran¬ 
spiration  cooled  chamber  and  Is  ducted  to  the  preburner.  The  remainder, 
a  small  portion  of  the  hydrogen,  is  used  to  regene ratively  cool  the 
smaller  forward  section  of  the  regunerutively  cooled  nozzle  and  is  sub¬ 
sequently  used  as  a  working  fluid  to  power  the  low-speed  fuel  inducer 
drive  turbine.  Tills  flow  is  tnen  used  in  the  transpiration  cooled  main 
chamber  walla.  A  small  amount  of  hydrogen  is  used  at  low  supply  pressure 
to  cool  the  nozzle  skirt  downstream  of  the  regenerat  aly  cooled  nozzle 
section.  Tills  hydrogen  is  heated  to  high  tesuperature  in  the  skirt  and 
expelled  overboard  through  small  nozzles  at  the  end  of  the  skirt,  pro¬ 
viding  a  specific  impulse  approximately  .that  of  the  main  gas  stream. 

<U)  The  low  pressure  nozzle  skirt  cooling  flow  is  ducted  Iran  the  dis¬ 
charge  of  the  fuel  low- speed  inducer,  A  quick  disconnect  fitting  l» 
provided  to  stop  thu  flow  when  the  secondary  nozzle  is  retracted. 

(U)  After  basing  pumped  to  system  operating  pressure  levels,  the  oxygen 
In  divided  between  the  preburner  and  the  main  chember.  Th*>  smaller 
portion  of  the  flow  is  ducted  to  the  preburner  where  it  irned  with 
the  hydrogen.  The  resultln,  mibustlon  products  provide  the  working 
fluid  for  the  main  turbine*  ,  itch  are  arranged  with  their  flows  in 
parallel.  The  individual  ine  exhaust  gases,  are  recombined  and 
directed  to  the  main  injector. 

(U)  The  mein  chamber  n.xidisrr  flow  provides  the  oxidizer  low-speed 
Inducer  turbine  working  fluid  and  uses  the  available  pressure  drop 
between  the  main  oxidizer  pump  discharge  pressure  and  the  main  chamosir 
for  turbine  power.  Hie  oxidizer  flow  is  then  injected  into  the  main 
combustion  chamber  where  it  mixes  and  burns  with  the  fuel- rich  turbine 
exhaust  gases.  Hie  resulting  combustion  gas  is  then  expanded  through 
the  bell  nozzle. 
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(U)  h  preliminary  demonstrator  engine  Instsllation  drawing  of  the  booster 
and  upper  stage  applications  arc  provided  as  figures  2B  and  29,  respective iy 


(c)  Engine  Weight 


(U)  Hie  demonstrator  engine  weight  ‘s  baaed  upon  l ightwelph^  construction. 
Lightweight  construction  results  in  heavier  than  f ! I ght. weight  components 
because  additional  design  margins  are  U3sd  to  ensure  the  structural 
Integrity  commeraurate  with  the  objectives  of  the  demonstrator  engine 
program.  These  designs,  however,  are  not  boilerplate  type  and  the 
elements  are  functionally  the  same  as  flight-type  designs. 

(C)  The  weight  of  the  demonstrator  engine  as  defined  by  cycle  balance 
AF-1107  was  estimated  to  be  3450  lb.  Tills  is  considerably  less  chan 
earlier  configuration  weights,  The  major  part  o£  the  weight  reduction 
resulted  from  the  use  of  a  two-position  lightweight  nozzle  skirt.  Addi¬ 
tional  significant  weight  reductions  were  obtained  by  modifying  the 
designs  of  the  main  injector  and  combustion  chamber,  preburner  assembly, 
transition  case,  and  other  components,  A  component  weight  breakdown  is 
given  in  table  X. 


(C)  Hie  lightweight  two- position  nozzle  reduced  the  weight  of  the  nozzlu 
assembly  715  lb.  This  reduction  in  the  nozzle  skirt  weight  is  obtained 
by  dump  cooling  with  a  low  coolant  pressure  instead  ci  regenerative 
cooling  at  high  pressure.  Dump  cooling  permits  the  use  of  lightweight 
expanded  sheet  metal  construction  rather  than  the  conventional  brazed 
tube  assembly,  This  reduces  the,  weight  per  unit  of  nozzle  surface  area 
from  approximately  4  ib/ft^  to  l  lb/ft^. 

(U)  The  demonstrator  engine  weights  were  estimated  on  the  basis  of 
"lightweight"  construction.  The  component  designs  were  made  with  internal 
mechanisms  and  characteristics  representative  of  a  flightweight  engine. 
However,  the  demonstrator  engine  components  were  designed  to  minimize 
cost  of  fabrication  by  not  removing  excess  materials  from  locations  that 
are  difficult  to  machine,  and  by  not  scalloping  flanges. 

(U)  The  stress  margins  applied  during  component  design  directly  affect 
the  material  t..Icknoss  and  weight.  These  margins  are  determined  from 
the  design  requirements  of  life  and  duty  cycles,  and  are  based  on 
previous  material  tests  and  engine  component  experience. 

(d)  Preliminary  Component  Design 

(U)  Preliminary  tu rbomachimsry  and  transition  case  designs  were  prepared 
to  provide  tne  necessary  envelope,  weight,  and  component  requirements 
for  overall  engine  system  evaluation.  The  remaining  components  associated 
with  the  staged -combust lur.  test  rig  were  not  included  under  the  Module 
Design  Task,  but  were  studied  undet  thvlr  respective  component  programs. 
The  low-speed  inducers,  main  turbopumpe  and  transition  ease  preliminary 
designs  are  described  below. 
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Figure  28.  Demonstrator  Engine  Preliminary  Installation  'Drawing;  (Booster  Application)  23353 


Figure  29,  Bessons  tracer  Bngirte  Prel  Lminary  Installation  Drawing  (UpF«r  Stage) 


(C)  Table  X.  Weight  Breakdown  by  Component  8  for 
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Demonstrator 

Engine 

(AF-ilfi?) 


p'—  ,ncr 

320 

Transition  Case 

380 

Main  injector 

135 

Main  Chamber 

445 

Nozzle  and  Actuators 

555 

Fuel  Turbapump 

355 

Oxidizer  Turbo pump 

280 

Low-Speed  Inducers 

215 

Control;;  (Less  Actual;  ts  and  ECU) 

380 

Plumbing 

310 

Miscellaneous 

?5 

Total  3450  lb 


(1)  Oxidizer  Low-Speed  Inducer 

(U)  The  oxidizer  low-speed  inducer,  shown  in  figure  30,  in  a  slng’e- 
shaft  unit  with  a  high  specific  speed,  axial- flow  inducer  driven  by  a 
variable  inlet  area,  single-stage,  liquid  oxygen  turbine.  The  inducer 
is  designed  to  supply  the  main  oxidizer  turbooump  with  sufficient  liquid 
oxygen  inlet  pressure  to  prevent  cavitation. 

(C)  The  inducer  has  a  constant  tip  diameter  and  a  2-degree  blade  cambdr 
to  obtain  the  required  head  rise  and  maintain  maximum  suction  capabilit) 

The  volute  is  n  constant  velocity  design  with  a  single  discharge.  Axial 
thrust  unbalance  Is  absorbed  through  the  front  beating  and  bearing  support. 

(C)  Tlie  liquid  oxygen  powered  turbine  has  a  variable  inlet  control  that 
enables  the  turbine  inlet  arc-of-admisslon  to  be  varied  between  5%  and 
50%. 


(U1  Aluminum  (AMS  4130)  was  selected  as  the  material  for  the  inducer 
and  turbine  housings.  The  Inducer  housing  accommodates  both  front  and 
resr  bearing  Supports  and  the  variable  turbine  inlet  valve  shaft.  The 
Inconel  7 1 S  (AMS  5664)  inducer  has  three  blades  and  is  attached  to  an 
Inconel  718  (AMS  5664)  drive  shaft.  The  shaft  is  supported  by  fixed 
front  hearing  and  a  floating  rear  hearing.  The  material  for  tin;  single 
stage,  shrouded  turbine  and  stator  vanes  is  Inconel  738  (AMS  566'  nd 
the  stator  vanes  are  a  parr,  of  the  rear  bearing  support. 
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{€)  The  turbine  driving  ilyid  enters  che  housing  eavitv  through  two 
inl-st!  .  The  inlet  control  .cate  valve  petite  che  fluid  io  flow  from 
the  housing  csvity  through  the  exposed  housing  passage* ,  stator  vanes, 
rotor,  and  out  the  turbine  discharge  housing,  The  turbine  inlet  ares  is 
varied  s>  rotating  a  cylindrical  gate  valve  past  the  ports  in  the  inducer 
housing.  The  gate  valve  was  designed  and  loeated  so  the  pressure  drop 
will  be  small  and  the  resulting  radial  loads  will  be  transmitted  into 
the  housing.  The  front  edge  of  the  gate  contains  a  face  gear  that  mates 
with  the  control  shaft  piston  gear. 

(U;  The  operating  charactcristlcfc  of  the  oviiiMax  10w~ speed  inducer  arc 
presented  in  l -idle  XI, 


(G)  Tabic  XI,  Ops  ra  t  lug  Chsrayteris tics  of 
Oxidi&sr  hew-Speed  Induce* 


pump 

Engine  Operating  Point  tor  Component  Design; 

- 

iSixture  Patio 

7 

Thrust,  % 

TOO 

Speed ,  rpm 

51 40 

Tip  Speed,  ft'sec 

251 

Diameter,  in. 

11,4 

blade  Entrance  Angle,  dug 

6 

Number  of  Blades 

5 

Blade  Height  Inlet.,  in. 

3,5 

Blade  Height  Exit,  In, 

i  ;n 

Blade  Thickness,  in. 

0,068 

F 1  O’..'  0no  f  f  *  e  i  Pti  r 

0.119 

Head  Coefficient 

O.ZLZ 

Suction  Specific  Speed 

48>600 

Specific  Speed 

3roo 

NPSH  (Required.),  ft  * 

r% 

HPSP  (Required),  psi. 

t>m  ' 

flow  Rate ,  gpm 

5140 

Flow  Rate,  ib/ sec 

w85 

Head  Rise ,  ft 

-  "41  <’ 

Pressure  Rise,  psi 

-201 

Inlet  'Density,  lh/ft^ 

-69.1 

Exit  Density,  Lb/fcS 

69.1 

Horsepower 

471 

Efficiency,  % 

76,5 

Turbine 

- 

Engine  Operating  Point  for  Component  Dssign: 

Mixture  Ratio 

1 

Thrus  t .  % 

100 

Speed ,  rpm 

5140 

Hear,  Wheel  Velocity,  ft/sec 

158 

Mean  Diamr 'Cr-,  in. 

1 

Vane  He  1  ,iit,  in. 

1.35 

Percent  Admission 

42.5 

Velocity  Ratio 

0.63 
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L)  i..'-  XI.  0  icrat  .Hj.,  Characteristics  of 
’’*IUizvr  Low  -  S Inducer 
(Continued) 


Turbine  (Continued) 


Flow  Are.?,  inf 

3 .  Ou 

Vane  Angie ,  deg 

1  > 

Flow  Rate ,  Ib/sec 

410 

inlet  Pressure,  psia 

4  093 

inlet  Temperature*,  lR 

200 

Pressure  Ratio 

l.U 

Ef £ i ciency  ,  % 

30.7 

Horsepower 

-.'*1 

Number  of  Stages 

1 

(2)  Fuel  i.ow-Specd  Induct  r 

(U)  The  fuel  low-speed  inducer  shown  in  fig  re  151  is  a  s  ingle-sha  1 1  unit 
with  i>  higo  specific  speed,  axial-flow  inducer  driven  bs  a  part  ia  I -ad  i i  s;>  t  on  , 
sin-le-stag'* ,  hydrogen  expander  turbine'.  The  Inducer  is  d y -  ^ru  J  to  supply 
t  ne  oiain  fe  *  l  f.urbooump  with  sufficient  liquid  hydrogen  pressure  m  pit  verst 
eavi' at  Ion . 

(U )  The  inducer  Is  helical  with  a  constant  rip  diameter  and  is  designed 
t«»  obtain  the  required  head  rise  and  maintain  maximum  suction  capability. 

Tin.  volute  is  a  constant  velocity  design  vit.1  a  single  discharge.  Axlii 
thrust  unbalance  i?  absorbed  through  the  bearing  supper's. 

(U)  The  single-stage,  partial  -  admission  turbine  is  driven  by  h  1  gt:- toessui  u 
gaseous  hydrogen.  Ait  orcficed  turbine  bypass  ,ar.|,  Is  provided  to  trim  tie’ 
turbine  flow  fur  r he  most  adverse  power  condition.  No  adjustment  is  required 
during  engine  operation. 

(U)  The  ‘nd'-cer  housing  ip  nude  of  aluminum  (AMS  4130)  and  contains  the 
volt-re  and  p,  r,  visions  for  both  bearing  supports.  The  Inc  one!  718  'AKS  5804) 
drive  shaft  aid  tuibine  assembly.  The  turbine  inlet  and  tuthine  ui.. charge 
are  on  the  same  housing  interface.  Prior  to  start,  the  Indued  JJttc-ff 
seal  prevents  fusil  through  the  transpiration  cooled  main  combustion 

chamber  wu!  i  During  *he  start  transient,  as  main  iu*>!  pump  discharge 
pretoure  be  cor.  «  hlghei  than  Inducer  discharge  pressure,  the  set!  i>.  listen 
off  and  h{gh-prei  .are  fuel  is  introduced  to  ,ool  both  the  front  ana  re..-*- 
be  Mings.  An  accessory  drive  ‘nour.t  pad  is  provided  on  the  turbim  one  >>: 
t.tit;  slia  f  *. , 

(U)  The  operating  dm  ra..  1  *•  r  Is  1 1  es  ot  the  tool  low- .speed  tiuiuiei  are 
presented  in  table  XI 1 . 
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(G s  Tabic-  aLI.  Operating  Cluti-acter'sHcR  of 
Fuel  Lew- Speed  inducer 


Pump 

Kngi.it>  Ope  rat  itw  Point  for  Component  Design: 


Mixture  Ratio  5 

Thrust,  7,  100 

'  Speed  ,  rpn  20,000 

Tip  s  po  ed ,  it !  &  v  c  a  no 

Diduetnr,  to,  10.'' 

Made  Entrance  Angie,  teg  6 

Number  of  Is  lades  j 

Made  Height  Inlet,  in.  3. A 7 

Made  Height  Exit,  in.  1.33a 

Made  Thicknes* ,  in.  0,051 

Flow  Coefficient  0.104 

Head  Coe  flic  inn *  0 . 1 

Suction  Specific  Speed  (Water  Reference)  46,790 

Specific  Speed  ?15o 

NPSH  (Requited),  it  54.3 

NFJJll  (Required),  p»i i  3.96 

Flow  Rnte.-gps  -  9570 

Flow  sate.  iVrec  90.0 

Head  Rise,  i  1  24a0 

Pressure  Rise,  ps  s  71.3 

Inlet  Dene  tty,  16/ it  4.22 

Exit  Density,  Ib/fM  4.22 

Horae power  S0O 

Etficiency,  %  79.4 

Turbine 


Engine  Opt: rating  Point  fur  Component  Design: 
Mixture  Ratio 
Thrust  ,  % 

Speed  ,  rjwi 

Mean  Wheel  VeloaiT),  f t/'.e- 
Mean  Diameter,  in. 

Vane  Height  ,  In. 

.. -Parcrnt.  Ad-clss  i .  -= 

Ve 1 ot i t  y  Ra  c  *  g 
Flow  A 1 efl ,  in" 

Vane  Angle  ,  e e 

Flow  Rate,  lb*  set 

liurt  Pressure,  p  l'i 

inlet  Temperature,  it 

Presau'e  Rat  in  - 

Efficiency,  % 

.*  *  1  «  ”  '  * 

Number  of  hi  ages 


5 

1OO 

20,000 
700 
8,0 
0.35 
7 ,  ’> 
,0,249 

0.166 
5  £ 

4.25 
4  5 1  5 
503 
i  .37 
53,  $ 

ffill 

i 
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a  two-  s<  t  <ij;t* .  pieasure-i  n*npoiir,iied  tuthirt-  The  ji  i.sjp  supplies  the  nre- 
bufnet  and  main  burner  with  oxidize.'  at  the  requires  pressure  and  is 
■uwueted  in  the  !  rii">l!  inn  «-ase  between  the  p!t*hu*Tn*j  and  main  burner, 

The  preiiuj  m-r  ennbust ion  fi  od-ut’-  |.-tovide  the  vorking  iluitl  for  the 
two-.stagi  turbine. 


Figure  32.  fr>;i«li,ier  Turuupe-ap  FL>  212/0 

(t.i  11;  t>  oxidizer  pump  ha -4  a  celQrii*,  i  ,  vo’ut.  *di  flutter 

toilet  tot  Svhti’H,  arid  .1  3  »n  t  tug  t'nrussl  baieaui*  p  i  ••  ton  to  nbsoib 

; .  -  *  *  ■  •  •  -  .  '  *  s  . 

used  to  sntiodurt-  oxidizer  flow  i  r«>fa  the  thi»i*l  piston  <1110  Impeller 
near  labyrinth  -sal  back  irto  the  pH*np  inlet. 
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(0,1  Aluminum  (AM3  4130)  was  selected  for  the  inducer  housing,  volute 
housing,  and  tear  housing,  and  stainless  steel  was  selected  for  the 
inducer,  impeller,  and  thrust  balance  piston.  Thu  rotur  assembly, 
composed  oi  the  Inconel  718  (AMS  5664)  shaft  tie  bolt,  inducer,  impeller, 
and  turbine,  in  supported  by  two  axially  preloaded  bearings  and  the  single^ 
acting  thrust  balance  piston.  High- pressure  ox  id  l  ?.er  is  supplied  to  the 
pump  side  of  the  thrust  belaneu  pi-  ton  ro  prevent  impeller  axial  movement 
resulting  from  turb'ne  axial  loading. 

(M)  Tlie  turblno  disks  are  made  of  Titanium  and  the  stators  of  Udlmet  700. 
The  turbine  blades  are  avrde  of  PWA  604 ,  a  columnar  cast,  high- temperature 
material,  and  are  attached  to  the  diskr-  with  a  convert loiml  tir-treo 
design, 

(U)  Tho  operating  characteristics  of  the  oxidizer  turbopunip  are  ptesonted 
in  table  XIII- 

(C)  Table  XIII.  Operating  Characteristics 
of  Oxidlxer  Turbo pump 


Pump 

dngtne  Operating  Point  for  Component  Design: 
Mixture  Ratio 


Tit  rush,  % 

LOO 

Speed  ,  rpm 

22,500 

Tip  Speed,  it/seC 

/-JO 

Diameter,  in. 

8.05 

Blade  Exit  Angle,  deg 

25 

Number  of  ftladon 

12 

lllade  Height,  in. 

518 

Blade  Thickness.  In. 

0.06 

Flow  Coefficient 

0.106 

Head  Coefficient 

0,520 

Suction  Specific  Speed 

20,000‘ 

Specific  Speed 

1230 

NPSH  (Required),  ft 

225 

NP6P  (Required) ,  pula 

122 

Flow  Race,  gpet 

3170 

Flow  Rate,  ib/aec 

485.2 

Head  Rise,  ft 

10,210 

Pressure  Rise,  pbi 

4867 

Inlet  Pressure,  pr.la 

170,6 

Discharge  Pressure,  |itifu 

5037 

Inlet  Density,  lb/ffd 

69.2 

Exit  Density,  lb/fl*^ 

68.6 

Horsepower 

13,058 

Efficiency,  % 

69  0 

InleL  Temperature,  R 

176.2 

.  a 

Op  *£  O 
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(C)  Table  XIII,  Operating  Cha,^eter;utl  cs 
of  Qxldis-.er  TurbOpump 
(Continued) 


Turbine 


Engine  Ojit' rating  Point  lor  Cesnoonent  Design; 

Mixture  Hat  so  7 


Tli ru .it,  .. 

100 

Hes»n  Wlieei  Velocity,  it/sec 

98C 

Keai;  Hi dmc let  ,  in. 

10 

Fift-t  Vn.H:  Jiuight 

0.453 

Percent  /uim.ib* ion 

100 

Ve  i  nc  i  1  V  R ;l i  i  U 

Flow  Area,  inf 

0,34 

2, 3D 

Vane  Angle,  deg 

17.7 

Flow  Rale,  Ih'ser 

41.4 

Inlet  Tempo  l  a tu ft ,  R 

2325 

Inlet  Pres auit,  psii 

4?  93 

pres- -.lire  Rnti<< 

1,42 

El f iel«ov \  ,  % 

67,0 

Horatpi  »we  r 

13,0511 

Curling  Flew,  IbO-ce 

2.31 

Number  ol  Stage1* 

1 

Hub* to-Tl p  Diameter  Ratio 

0,905 

<•'*)  Fuel  Tm  bopu.nj 

(J)  Tiie  preliminary  i ue i  turhopir.ip  de-stgr  shown  in  figure-  33  i$  a  single 
*ii.i  1 1  unit  wi  tit  two  laic  t*,-  to-bnc  h  .  mshroiideii ,  etuit  rl  fuga  1  *  pump  singes 
driven  by  a  Lw«v*  *  tfl  ,  pruHautu- jorapoutuluil  turbine.  Thu  pump  supplies 
the  pre burner  rtnd  main  bucnei  with  fuel  «t  the  required  pressure  and  is 
mounted  nn  the  transition  vase  between  the  preburner  and  main  burner, 
lbs  proburner  combustion  product*  provide  the  working  fV'uid  for  the 
ful 1- admission  turbine . 

(U)  Both  stages  of  t  he  fuel  pump  Itavn  cotv  tunc- velocity  ,  dual,  volute* 
diffuser  rolleecor  systems  with  the  l*L»»tage  discharge  entering  the 
second  stage  through  radial  inlets  li  tho  rear  housing,  A  double-acting 
thrust  balance  piston  system  is  insorneta ted  in  the  pump  design  to  com* 
pensate  for  axial  thrust  unbalance. 

tU)  Aluminum  (AMS  A 130)  was  selected  for  the  inducer,  first  stage, 
intermedia* » ,  and  rear  housings;  and  titanium  wax  selected  for  the 
Inducer  and  imp&ilers,  Ihe  double -rtc ting  thrus  balance  piston  and 
thrust  piston  housing  are  made  of  Inconel  7 lb  (AMS  5664)  .  The  rotor 
assembly,  composed  of  the  Inconel  / 1 H  (AMS  5 RhA )  shaft  tie  boil,  inducer 
impellers,  and  turbine,  is  supported  by  the  ben!  iltgfe  Mid  the  double* 
action  throat  balance  njston.  The  tirusi  balance  piston  system  works 
on  the  prilu  Iple  of  «  hydrostatic  be^t  uig. 
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:0/  Prior  £0  t'loit,  5  IlfCOfj.  bcjj  1  Bufiiiratcii  the  turbine  cavity  from  the 
rear  bearing  cavity  and  prevents  fuel  from  leaking  into  the  main  com¬ 
bustion  chamber.  During  the  »tf»rt  transient,  the  piesBure  differential 
across  the  seal  is  reversed  and  the  sfcfii  surfaces  separate,  the  leakage 
is  men  controlled  by  a  close  tolerance  labyrinth  seal, 

(U)  The  turbine  disks  are  made  of  titanium  and  the  stators  of  Udimet  700, 
The  turbine  blades  ate  roads  of  PWA  664 ,  a  columnar  cast,  high- temperature 
material ,  and  are  attached  to  the  disks  with  a  conventional  fir*troe 
design, 

(U)  The  operating  eh- ract eristics  of  the  fuel  turbo pump  are  presented 
in  table  XIV, 


(C)  Table  XiV,  Operating  Characteristics  of 
Fool  Turbopomp 


First 

Stage 

Second 

Stage 

Vump 

Engine  Operating  Point  for  Component  Design; 

Mixture  Ratio 

5 

5 

1  -rust ,  ?. 

100 

100 

Speed ,  Vprrt 

48,000 

48,000 

tip  Speed,  ft/soc 

2270 

2500 

Diameter,  in. 

10.  i' 

U.95 

blade  Exit  Angle,  dog 

23 

25 

Number  of  Blades 

24 

24 

blade  Height,  in, 

0,49 

0.4  35 

Blade  Thickness ,  in. 

0 , 1 0 

0,10 

Fivw  Coefficient 

0.0939 

0,085? 

Head  Coefficient 

0,525 

0,33? 

Suction  Spoctfic  Speed 

20,000 

— - 

Specific  Speed 

910 

80S 

NT’SH  (Required) ,  it 

1423 

-  -  - 

NtSt  (Required),  psld 

41-,? 

-Mmm. 

Exit  Flow  Rate,  gpm 

9350 

9230 

Floy  Rate,  Ib/abC 

88.5 

88,5 

Head  Rise,  ft 

83,925 

102,436 

Inlet  Pressure,  paid 

71  ,6 

2504 

Pressure  Rise,  psi 

24  8? 

3068 

Diaehatge  Pressure,  psfa: 

2554 

5572 

Inlet  Density,  lb/ fid 

4  iS2 

4.20 

Exit  Density,  ib/ft3 

4,26 

4,3! 

Horsepower 

20,935 

_  24,550 

Efflelnnry,  % 

6  4 

„ 

Inlet  *n feature,  "R  -  -- — 

-  *ri.3 

80.4 

Discharge  'emperavurv ,  LB 

80,4 

128 

mmm 


fC)  Table  XIV.  Operating  Characteristic*,  of 


4V,<4«Unm*N - 

fcV*  p  WU  JIUIMJ* 


^Vtffl-V  «.  »  11IV  u  ^ 


ar»a  a. 

Cr  *  wM 

U 

n*.  A 

autvuu 

Stupe 

Turbine 

Engine  Operating  Point  for  Component  Designs 

Mixture  Ratio 

? 

Thrust,  % 

100 

Moan  Wheel  Velocity,  ft/sec 

1630 

Mean  Diameter ,  in. 

7.8 

First  Vane  Height,  in. 

0,56 

0.62 

Number  of  Slades 

86 

80 

Percent  Admission 

100 

100 

Velocity  Ratio  (Overall) 

Flow  Area,  in? 

0.503 

4.^9 

Vane  Angie,  deg 

25.9 

26,2 

Flow  Rate,  Ib/soe 

lob 

inlet  Temperature,  °R 

1869 

Inlet  Pressure ,  psia 

484'5 

.Pressure  Ratio  (Overall) 

1  . 64 

Efficiency ,  */. 

73,2 

Horsepower 

47,083 

Codling  Flow ,  lb /sec 

2.1 

Number  of  Stages 

2 

iiub-td-Tlp  Diameter  Ratio 

0.865 

(U)  The  transition  cade  assembly  consists  ol  that  portion  of  the  engine 
between  the  main  combustion  chamber  injector  forward  (or  upper)  flange 
and  the  vehicle /engine  thaist  interface.  Wtch  the  incorporation  of  the 
preburher  a  id  tutboma eh  leery  components,  the  transition  case  is  a  *el£- 
contained  Vpqwer  head"  capable  of  supplying  the  main  chamber  ami  nOfcsie 
with  the  high  pressure  propellants  necessary  to  pro?1  ee  the  required 
depigty  thrurt.  It  'serves  as  the  prims  iystage  for  tlw  proposed.  staged* 
combustion  ‘  vcle .  Conventional  external  "hot’*  ducting  of  turbo  pump 
turbine  flow  gases  it  elminatcd  by  the  use  of  a  uni cue  pompon ent  plug* 
in  concept  permitting  the  design  Of  internal  flow  passages  confined 
within  ciye  basic  transition  case  assembly,  f rovi^ih'g-JJhlri^  'cohyeoti vc  1  y 
cooled  iityere  between  the  hot  gas  flow  and  externai  irahsltiorj  case 
W-U?_  permits  optimum  use  of  struetgraijgwiyttpi  iio’"is'iufe  a  minimum 
weight  design  of  the  gcomettl  caity,  TfompieR  -tva  ns  iTtlM-tsSse  , 

(U)  Figure  ’4  -depicts  the  general  component  nrrangement  apii  gonii  guratiov. 
si  > hcnTrs ns i t ion  ease,  The  pvl’iary  s t ru etu re  is  ~es sep tiall y  .a  non- 
!. ytihoK irtc  pi 5S slits  vessel  cons i*. 1 1 rij  of  three  1  a t: go  d i s mete t  cylinders 
—  w!..--sc  centerlines  inter  sect  the  censor!  ifie/ol  a  tburthj  Slid  larger  diameter 
hy  1  i nuef ,  -at .right  angles,  Thv  cenUfflirte  o[  Ui j .*•  larger  cylinder,  which 
servos  as  £-CnllectTug  manyuld  tor  the.  turbine  gjthausi  ««ses,  coincides 
with  the  velne  thrust  ax  vs  .  For  optimum  weight  -and  maculae  tiirffigmi  m- 
plicity,  the  basic  case  structure  lx  made  Irprfi  a  narf.?*  o;  LtH  Kings 
welded  together  using  cuovc.it tons  1  Tu'nri cation  techniques, 

rnmrn 
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(- )  Ai-i'houeh  not  intear.l  parts  of  the  tion XA  t  l  on  case-  6ir»u  f  n ce ,  the 
cooling  Haters  end  pribursver  discharge  ?.as  flow  due^s  a^_  es jc?hTisi 
elements  t©  the  overall  concept.  therefore >  consideration  is  given 
herein  to  °peci£ic  design  aspects  of  these  components  and  their  ivfluer.ee 
in  establishing  the  ultimate  configuration  of  the  -irausitibs  c-S»e  a s s emb i_y, 

(U)  The  main  oxidirer  And  fail  turbopumps,  as  well  as-  the  prehuriifer  - 

injecter  and  combustion  chamber  assembly,  are  mounted  On  flanged  cylinders 
that  fwm  an  integral  part  of  the  transition  case,  Ms chined  bosses  i or 
installing  both  the  preLnmm  and  main  chamber  igniters,  as  w*U  as  the 
main  chamber  inS( ctor  coolant  supply  1  the,,  are  also  -1  ocatfed  on  the  tran- 
sit l On  case ,  .  /. 

(0)  The  gimbi-1  bail  spherical  seat  (socket)  and  retains*  on  the  ugper 
dome  end,  l,*;  machined  integrally  with  the -basic  case  i urging . 

(V)  The  ait ,  or  lower,  portion  of  the  transition  case  Is  flanged  to 
provide  a  mating  interlace  with  thv  main  injector  and  combustion  chamber. 

e ,  Trim  s  i  e  n  t  Aha  1  ys  i  s 


(1)  Genera* 

(U)  Detailed  ItfinMent  analyses,  which  included  start,  throttling,  shut¬ 
down  and  *taliility  analysis,  were  conducted  to  further  evaluate  and 
refine  the  overa L L  system.  Complete  engine  digital  computer  simulations 
were  used  for  each  operating  mode  ©i  start,  Throttling,  and  ‘shutdown. 

An  electronic  analog  computer  model  of  the  complete  engine  was  developed 
for  further  i  lability  and  throttling  analysis. 

(2)  Start  Trs-nsient  Analysis 

XC)  A  detailed  start  rrahsidrft  is  lysis  was  conduct'd  to  determine-  the 
ignition  and  acceleration  aharac.  vristics  of  the  engine  during  the  time 
interval  from  the  start  sighs!  until  the  Idle- th runt  i cysl  (20%  of  rated 
thrust)  ffc  relieved.  During  This  time  period,  the  propellant?  fill  the  -- 
fur*  and  oxid Vzer  h yk torn  volumes,  ignition  irt  the  prebh brief*  and  main 
chamber  occur©,  and  thesceeS  trail  or.  of  the  turbopumph  take*,  ot-ice.  A 
-start  trgns uvht  to  20%  thrust  (Idle- thrust  level)  wars  simulated  for  the 
lelectcd  d'.moi  strut- or  engine  configuration  tn  which  the  control  valves 
were  preset  It  their  respective  idle- thrust  settings,  'This  operational 
method  teprcseits  me  simplest  possible  starting  procedure.  The  rcanltl»*e 
transient"  simulation  of  tho  Phase  XI  demonstrator  configuration  had  an 
oSttderst iorr  time  si i ght ly  less  than  1  second  to  90%  of  idle  thrust  and 
exhibited  shte  mhtl -satlt factory  characteristics. 


(0)  The  a  tart  transient  onaiyson  were  conducted  using  detailed  digital 
computer  programs  to  simulate  rho  system  dynamics,  such  as  transient 
flow  filling  system  volumes  and  inertia  of  the  turbopump  rotors.  The 
-piog.  .  , •- .i.r  •  he  r,^rmn i  i- b a y «■> vn s m i c  relailofw-Mos  used  to  define 
torque,  horsepower,  flows,  pressures .  and  temperatures  it,  time  derivative- 
form,  Two-phase  calculation  procedures  av®  incorporated  in  the  filling 
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«ru]  flew  relationships .  Trans  lent  heat  i  tan  s  let  unalysos  arts  us<?8  for 
che  "warm-'  components  in  the  engine  as  well  as  -tranait*1'  ,  heal  transfer 
in  the  re genera  lively  and  dump  tfreiod  sections  of  the  nay.iic-  skirt-.. 

Heat  input  to  The  inn  in  injector  spray  bats ,  which  arc  filled  imm  a 
relatively  cold  injector  mariiold,  is  -nine  considered 

(\J)  An  * mpOrtant  aspect  of  the  start  transient  is  Thu  filling  and  ignition 
characteristics  o£  the  preburner,  -Seeause  of  the  ofcldiee’r  phase  change 
'  ro,  gas  to  two- phase  to  liquid,  the  oxl  dixer  flow  characteristic  to  The 
preburner  is  important.  Low  /flow  results  In  an  ufbernabin  mixture  ratio 
arid  h •  gh  flow  results  In  excessive  tempers  turns .  The  jinitsc  change  in 
the  oxidr'c  flow  character  is  tic  results  in  h  re  inti  vely  rapid  change 
in  the  pi  >'t  combustion  temperature,  The  proburrthr  oojiftjus  tTcfn~':tcm- 
pe ra tore  exti.h:  -s  a  spike  at  the  time  when  the  ex), hirer  manifold  and 
element  voiuir  flis  compleiviy  "with  liquid ,  This  if  caused  by  Tift?  rapid 
increase  in  m.  .retold  pressure  due  to  density  changes,  whitih  inor&nsds 
tne  oxediger  flow  into  the  pre  burnt;  r.  Tlw  futreased  preburner  pressure 
causes  a  momentary  reduction  in  Tut i  flow  The  tempera t" re  spike  I/s  tih- 
bulk  lenipfe  ratu  in  calculated  from  the  various  c  ode  or  front;  te;<iperatu  res , 
from  this  analysis  two  important  dependent  vnUables  were  established-; 

:(1)  the  tempo  is  Lure  spike,  and  (2)  -the  -fill  time.  The  temper  tffui'e  spike 
r»  iinportiwvt  ibweffiiHc  transition -case..,  turbine,  ant? -main  l n je f tor  parte 
•nay  be  damaged  ff  the  tempt raturo  remains  high  for  -axtended  durations. 

Long  f-il  11  ,ig  times  -ore  Undesirable  because  this  would  extend  the  engine 
starting  time.  The  due b- orifice  o ! mi-tus  of -the  oxiUTsrr  side  result 
1ft  two  temperature  spikes  miring  the  acceleration,  ilowever,  the  secondary 
volume  is  large  relative-  to  the  ipibiary  and  this  volume  -fill's  t ttar 
because  of  the  lower  secondary  itret-sttre  drop .  Zheng  Til  ling  times  of  the 
tixidiv.tr  p  re  burner  were  indicated  unless  ‘the  :i&hifol.d  Vo  finite  i>  vely 
small.  Therefore-,  it  4  a  hlgltl  y  ries  frabT-fe  ^to  ihcOvporafe  The  liquid  Bhut- 
of-f  reactive  very  close  to  the*  prdUuTiw r  i njeecor  face, 

--  ^  v4  =»»- 

(SJ)  The  establ  iahitterv't  of  fuel  ClOWt  to  lip  e/Ipfe  bur  ft  8r  i'E  also  impOrTAat  -7~*v,vl 
in  limiting  the  level  o'f  the  preUdThe e  Reduced  -futfl  side  fyolufflbs^^ 

aid  in  rapid  build-up  of  The  prebutnex  fuci  fl o*b-.:  'The  fsJimulafeie,^  -l/or  The^ 
demons tra tor  is  ourfcht-ly  ;prtja-rbn%ed  T0.1H&VC  a  cooldown  ipiltn- 

r"  th'«  xittglno/ T5'tart  s  ignal-.  The  (Shied  ■ya'dfiStrCfc  dooiM  Trom  The  e-hgine 
inlet  To  the  lire  1  pump  Si&chuT-ge.  The  oxiiii-Edr  pleMhlng  is  coo5  ed  Trdm 
the  engine  inlet.  Co  The  main  oh  amber  Oxidize  i  Plow  con ..  ro ;  valve  in  t/he 
main  chamber  li ne  and  to  the  prohurnet  T'ow  divider  valve  loot  re>i  within 
-the  preburi.-rr  dome. 

(IT)  The  amount  oi  -c'xccr  h  torque  available  Is  also -aft  Unpr-rtant  as ptffcT 
ot  the  start  trout  lent. ,  Results  of  the -analysis  tndi cn ted  that  the 
enp.ne  " boat* Traps"  satisfactorily  on  tank  .pressure  to  idle  Uwutt 
condiT ;  on.*, . 

(U)  it  wav  u<  sirabif  to  determine  a  valve  or  corttol  sequence  fh&'*  was  as 
simple  as  possible  but  .yet  resulted  in  safe  -i.ran.*-ienLv,  The  bb¥i>  approach 
t  : ’oca  was  to  open  the  shutoff  valves  to  preset  conditions.  The  areas  are 
helvi  coi.xtanc  duYAfig  the  vTaft  trans-iobt.  Analyses  veTO  conducted  ‘■q 
dereriuini  Hit  effect  or  opening  T-ht  fihu'rot  1  valves  to  various  preset  but 
constant  va.uvs.  'thet'u  analyses  ind-ica tcui  several  Aigniiivxitt  conclusions. 
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as  cna  laiv  esuusc  aesting  is  increase®,  ms  preournvr  siow  -aiv^sr  vsjlvs 
is  opened  ce  larger  areas  secerning  to  ths  Bteacy»aints  ihrosclinj*  scheduia. 
Itii?  has  Uw  efface  of  fHllng  tn©  gecondary  piebum®?  volume  at  a  faster 
rate,  and  the  time  of  achieving  liquid  flow  oat  of  the  secsndary  volume 
approaches  thr  thse  of  obtaining  prise ry  voi usa  liquid  jondisieoi.  Bits 
effect  csn  reerlt  in  a  sr-sburne?  temperature  spites  caused  by  the  secondary 
flow,  in  addici04  (i,e,t  approaching  the  asms  tim)  to  she  Wiper&ture 
spiko  fir  ora  the  primary  £iev,  which  results  in  eseeaelve  temperature,  As 
noted,  the  attainment  of  liquid  cjddiser  flew  in  either  the  primary  or 
secondary  prsbukner  injector  voIujss  results  in  a  rapid  iacrseas  in  <mi- 
dissr  preburnar  flow  and  prsbusner  procure.  This  in  turn  racRscntnriiy 
decreases  the  fu»l  flow. 

<U)  The  time  required  to  establish  fuel  flow  also  has  a  significant  effect 
on  the  transient!  On©  method  of  greatly  reducing  the  temperature  spites  is 
to  achieve  relatively  high  flew  conditions  before  the  prsburne?  secondary 
osidUasr  injector  volume  attains  liquid  conditions.  Tha  significance  of 
achieving  fuel  liquid  flow  conditions  is  that  a  higher  fual  flow  rat®  is 
available  to  the  praburnar  when  the  snidiear  attains  ccapiuts  Liquid  Sfiow, 
Therefor®,  the  effect  of  the  rapid  rate  of  ojsidisor  flow  into  the  prebuetver 
is  diminished  because  of  the  higher  end  accelerating  fuel  flow  rata.  Thi* 
fuel  filling  time  is  controlled  mainly  by  the  preset  area  of  the  fuel  shut* 
off  valve.  Increasing  the  area  reduces  the  filling  time  and  also  reduces 
the  overall  miature  ratio,  ?hie  alloy*  conditions  where  the  prebumer 
primary  is  flowing  liquid  early  in  rha  transient  but  with  a  fuel  flew 
at  &  higher  rate  when  complete  ostdlssr  liquid  flow  f,a  obtained, 

(C)  It  K as  concluded  that  the  preset  areas  of  the  fuel  shutoff  valve  end 
the  preburner  flow  divider  valva  <aleo  a  shutoff  veiva)  ara  very  important 
control  points  for  the  start  transient  and  will,  provide  a  sear,?  of  safe 
transients  with  simple  valve  lotion,  It  also  was  concluded  that  the 
relative  valve  settings  are  more  important  thss  the  actual  idle  thrust 
level.  This  indicates  that  satisfactory  stsrt  transients  can  be  achieved 
for  lewis  of  idle  thrust  up  to  2S&,  The  bc^ic  roquircaomfce  are  lew 
mixture  ratio,  and  a  valvs  sequence  or  ssrou  setting  that  produces  the 
high  fuel  flow  rate  whan  fch®  osiidiinr  secondary  volume  obtains  liquid 
flow  into  the  preburner *  or  a  definite  ti*e  interval  between  the  primary 
and  secondary  volumes  efetsining  liquid  conditions .  Therefore,  the  ence* 
idle  thrust  condition  need  not  b§  aoiectad  only  from  the  start  transient 
analysis. 

|C)  The  idle  ccnditisfis  for  the  demonstrator  engine  is  20&  thrust  with 
-  a  mixture  ratio  oi  $  to  ?»  tm  eimuUtion  of  the  start  transient  to 
idle  condition  £§r  ths  reaerggsandecl  demonstrator  engine  configuration  is 
shown  in  figure  3S»  fh?s  s©«aietation  time  to  §0%  of  idle  thrust  was 
0,98  second.  In  this  Ussulatlen,  the  shutoff  valves  era  opened  to  choir 
idle  thrtiet  and  migfcugs  ratio  of  5,0  setting*  The  opening  time  for  «U 
of  the  valves  is  5Q  feiUiseeonde,  A  valve  sequence  is  shewn  in  figure  36. 
The  remaining  control  area?  are  preset  to  their  idle  thrust  value  prior 
go  th©  start  signal  *  Ho  further  control  setting  changes  ars  required 
during  th®  stare  transient  until  the  point  of  thrust  control  takeover. 
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figure  36,  Vaiv^  Sequence  for  Start  Transient 
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(0)  H&sliar  start  fsatusian*  simulations  required  a  low«r  mixture  rati© 
control  ares  setting  (4,1  to  4.§1  to  prevent  excessive  prefeumsr  fcoa- 
psteturoe,  Sn  this  latest  start  transient ,  the  maximum  pr®burn@r  tom- 
P©ratu?j  was  I  JA’g,  Nhiia  somewhat  higher  than  s^fnd  in  l ew  mixture 


ratio  simulations  for  enrliec  configurations, 
was  wall  within  acceptable  limits. 


the  minimum  temperature 


(8)  The  use  of  the  dump  cooled  neggle  concept  reduces  the  fuel  system 
volusn  between  the  pump  and  pr®fcurasr.  in  this  start  transient  simu¬ 
lation,  shown  in  figure  35,  the  relatively  rapid  filling  of  ths  fuel 
side  caused  by  the  decreased  hast  exehengcr  volume  tends  to  reduce  the 
prsburnor  temperature  spikes  that  occur  when  the  preburner  primary  and 
secondary  injector  flows  become  liquid.  It  also  incraasaa  the  total 
praburoor  flew  in  the  early  portion  of  the  transient  (first  half-second) 
when  chaafear  pressure  is  lew.  The  available  turbine  power  is  also 
enhanced  by  the  comparatively  low  chamber  pressure,  which  sharply  increases 
the  turbine  pressure  ratio  during  this  time  period.  The  comparatively 
Ions  period  of  low  chamber  pressure  resulted  from  the  inoracscd  ms ire 
injector  filling  time.  The  increased  turbine  power,  in  turn,  cause® 
a  faster  rife®  in  turbopump  speeds.  This  produce,  in  sflsct,  &  boot¬ 
strapping  of  the  system  that  culminates  in  the  filling  a£  eh®  main 
injector  manifold  ana  the  resultant  sharp  rise  in  main  chamber  oxidise? 
flow,  The  increased  oxidise?  flaw  rate  to  the  (tain  chamber  produces 
a  sapid  rise  in  ehaabas  poseurs,  which  reduces  th«  turbine  pressure 
ratio  and  available  turbine  .power.  Ths  reduced  turbine  power  slows  the 
asssUrasisn  of  she  ssln  pumps,  for  the  particular  case  siau’  fMt  as' 
overshoot  sharucserigtis  exists  because  the  control  cysts®  is  inoperative, 
When  starting  to  she  idle  thrust  level,  this  degree  of  ovarshoot  is  not 
detrimental  to  engine  safety  or  operation}  however,  ths  overshoot  cm 
feg  reduced  or  tlkmimtcji  fey  several  ecntrol  tsehniquea,  if  desired* 


(3)  Throttling  Transient  Analysis 


(U)  The  objectivs  of  the  transient  analysis  was  to  ©stablish  control 
sequiramcmfes  ch«t  achieve  safe  and  sail;  factory  anp'.ne  response  during 
throttling  batyaen  idle  and  rated  throat,  A  complete  nonline&r  engine 
simulation  is  used  to  predict  angina  system  Bgifsc^ane®  during  the 
auesleratlen  and  dieelsration  transients, 

<G)  Accel ©rations  and  decelerationo  between  20%  and  1C0%  thrust  mt<z 
simulated  by  rasping  eieauitanaoufely  ®U  the  control  valves  froa  me 
steady-st ate  thrust  level  setting  to  the  other,  Several  zmp  tatds 
were  investigated  for  4eesi<mti©ns  end  deceleration?*  before  aca^tabU 
transients  were  siisylated,  A  tmp  rate  @f  3  seconds  tfaeuifAd  in  & 
satisfactory  aeeoiaratioa  between  20%  and  100%  th  -  £  while  a  l  etesnd 
reap  produced  m  acceptable  decoloration  batwsan  i  ,  sag®  two  thrust 
levels.  Operating  character is  ties  for  the  seeslsratlen  sod  deceleration 
are  presented  in  figurao  37  snd  38,  respintivaly,  Complex  transfer 
control  scheduling  was  not  required  because  th©  angina  rggpenee  to 
throttling  rasps  was  sufficiently  rapid  to  eliminate  significant  thrust 
overshoe*  and  turbspuap  overspeed  during  acceleration, 

<U>  Analysis  of  the  shrofctU  transient  was  also  conducted  using  the  analog 
computer  enisins  atsulation  studies  and  la  discussed  later  in  this  section, 

(4)  Shutdown  Transient  Analysis 

<G)  A  shutdown  transient  analysis  of  the  demonstrator  engine  was  completed, 
The  objievive  of  the  shutdown  analysis  was  to  investigate  th§  problem 
&r*^s  and  to  dotsrmins  the  proper  valve  sequence  to  obtain  a  rapid  thrust 
decay  within  the  conotralnta  of  safe  component  apsratirg  characteristics. 
The  feati*  ehusdown  procedure  considered  was  from  idle  thrust  conditions, 

A  shutdown  f'njc^dure  from  any  'hruefc  level  between  §0%  and  100%  CM»  also 
established,  A  valve  sequencing  was  determined  that  will  incurs  a  rapid, 
safe  shutdown,  The  shutdown  is  accomplished  from  Idle  conditioas  by  using 
only  the  shutoff  valves,  An  acceptable  snd  z&pH  shutdown  wee  simulated 
by  first  terminating  the  onidiaer  flow  to  th®  praburnsr  and  than  to  the 
main  injector,  and  finally  the  fuel  side  flow, 

(C)  Several  shutdown  transients  froa4dln  condition  we~«s  simulated  with 
varying  shutoff  vnivo  sequencing.  Analysis  indicated  that  the  most 
desirable  valve  sequence  is  a  rapid  closure  (In  approximately  30  rnllU- 
eeccnda)  oi  th®  preburner  osidiser  shutoff  valve ,  which  results  in  rapid 
decreases  in  the  turbopussp  speeds  and  procures,  The  main  chamber 
osidirer  valve  end  fuel  valve  are  closed  after  a  slight  delay  end, 
therefor®,  at  lower  thrust  and  pressure  isvals,  Who  criterion  used 
to  establish  the  valve  sequence  was  to  seduce  turbine  power  (and  thereby 
reduce  speeds,  pressures,  end  f Iowa) ,  Kfeiis  mlnfeginiag  thrust  feslsucs 
capability,  adequate  cooling  flows,  mi  fuel  system  stability.  The 
selected  valve  sequence  is  Illustrated  in  figure  39,  Shutdown  transients 
from  the  20%  idle  condition  for  the  esaonstratop  configuration  using 
this  valve  sequence  are  Shewn  in  figure  31,  A  4acsiasAU4m  to  0.3%  thrust 
in  approximately  1  second  was  predicted)  this  shutdown  procedure  provides 
a  smooth  deceleration  of  the  pumps  and  a  rapid  cessation  of  thruct. 
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(y)  rapi"  closing  of  the  prsbumer  V'^  divider  valve  in  50  mllli* 
itooadfe  te^iasiee  oxidlser  flow  to  th<s  prtbomsr  4nd  causes  a  sharp 
decline  ir»  *he  ptcfc^uer  minsurs  ratio,  Th$  declining  turbine  inlet 
tespgr&tures ,  caused  by  reduced  prefeurnar  sdsturs  ratio,  ad  the  reduced 
turbine  flea  gates  result  in  a  rapid  decrease  in  turbo pump  speeds  end 
pusp  discharge  pressures,  The  turbopump  deceleration  predates  an  initial 
sharp  decay  in  main  chamber  pressure,  but  the  decline  Lecomae  less  rapid 
until  the  min  chamber  OKidl^er  flew  is  terminated  0.50  seconds  altar 
shutdown  is  initiated.  Main  chamber  pressure  then  decreases  slowly  as 
fuel  flew  decreases  because  of  the  closing  of  ,he  fuel  valve.  Main  chamber 
pressure  attain*  essentially  ambient  level  shortly  alter  the  cessation  of 
fuel  flow  to  the  praburnsr  at  approximately  l  second  alter  shutdown  was 
initiated. 

sll)  Shutdowns  from  higher  thrust  levels  can  be  achieved  by  a  rapid  throttle 
transient  fallowed  by  the  shutdown  valve  sequence  established  for  the  idie 
thrust  conditions.  The  chamber  pressure  end  turbopuap  speed  deceleration 
characteristics  for  a  shutdown  frees  100%  thrust  uefeg  this  procedure  are 
shown  in  figure  40.  tor  this  particular  simulation  only  the  prebumer 
oxidisar  valve  was  closed. 

(C)  %ha  sequence  of  events  assumed  for  shutdown  from  &  thrust  level 
above  idle  thrust  would  no  as  follows: 

l.  Shutdown  signal  is  given  by  vehicle  system 

?.  Control  system  logic  test  is  activated  to  compare  a,  il 
thrust  Isvel  to  permissive  thrust  level  for  shutdown.  If 
thrust  is  greater  than  25%,  a  thrust  selector  over* ride 
is  activated  to  reduce  thrust  at  a  rate  of  200,000  Ib/sec. 

3.  Tha  thrust  level  ia  rapidly  reduced  by  the  automatic  throttle 
over- ride 

4,  Whan  th@  engine  thrust  level  is  reduced  to  25%,  the  logic 
circuit  gives  a  permissive  signal  to  initiate  the  shat* 
down  sequence  of  valve  closures 

3.  $3*  prawns?  osidiser  flow  is  terminated 

6,  Toe  mala  csldiw  flow  Is  terminated 

7.  fba  feel  $lm  ia  ssmfe&tad, 

<C)  fh«  tMieg  $£  the  shutoff  valve  closures  during  shnedewa 

ef facta  both  She  pressure  and  sp^ed  decay.  Figure  41  shows 

several  sbaabsr  pmum t«  and  fusl  turfeepuap  speed  traoaiaoba-  for  various 
skstclf  valve  tlsfess,  fham  data  are  shows  for  shutdown  transients  fees 
10*  thrusts  H^a'S'smr,  results  sre  typical  for  othsr  idle  thrust  levels, 
%&l$  the  fesl  t«r  b®pmp  $$m&  tgsea  is  shewn  because  ths  oxidigsr  turbo  pump 
.is  ^iiaUar,  Tm  afa«t$ewn  valve  sequence  is  feieis&sd  by 
string  s^Ulses  fie#  to  t m  srebasne?,  thus  nadueleg  av&ilebls  pofe*&r. 
ffe&&  sh&ssif  is  is  0.050  seconds,  IS  she  ether  valves  are  not 

closed,  feha  izmlsz&.z&z  to  &  Im  thrust  trace  1  in  figure  41 

11 


shs^s  the  early  portion  of  ?hl*  typ?  of  shutdown .  The  sieging  of  th® 
other  ya ivss  rosults  la  the  final  flea  cessation,  ks  the  relative  Rising 
between  the  aaidisor  prebumtr  shutoff  vnivo  and  sain  chember  valve  is 
reduced,  the  chamber  pressure  decays  at  a  sore  rapid  rat®,  However,  ths 
more  rapid  chamber  pressure  decay  increases  the  turbine  pressure  ratio 
and  delays  deceleration  of  the  turbopuaps. 

(U)  This  can  be  seen  I! teas  comparison  of  traces  2,  3,  4,  and  5  in  fig¬ 
ure  41.  It  is  desirable,  but  not  essential,  to  maintain  a  smooth 
decoloration  of  the  curbopusps <  Th®  fuel  shutoff  valves  arm  saqueneed 
slightly  Uter  to  ensure  aore  than  adequate  transpiration  cooling  flow, 

Tii®  timing  of  those  valves  has  little  effect  on  chamber  pressure  and 
speed  deceleration,  as  illustrated  in  figure  41  (traces  3,  4,  and  3). 

(5)  Stability  Analysis 

(U)  The  frequency  response  characteristics  of  the  engine  system  ware 
determined  for  control  area  changes  in  the  preburner  and  main  chamber 
oxidlser  supply  lines .  Variations  in  the  principal  parameters  affecting 
the  engine  response,  the  fuel  system  volume  and  the  oxidise?  turbopump 
insrtis,  were  investigated  ss  well  as  the  effect  of  thrust  and  mixture 
ratio  variations.  The  thrust  response  characteristics  were  similar  to 
&  first  order  system  with  th®  corner  frequency  varying  directly  with 
thrust.  Mixture  ratio  response  was  essentially  flat  within  the  range 
of  interest  (0  to  100  cp») ,  and  was  not  appreciably  affected  by  thrust 
level. 

(C)  The  engine  system  response  to  a  change  in  the  preburner  oxidisser 
control  area  at  100%  thrust  and  &  mixture  ratio  of  7  exhibited  a  resonance 
at  approximately  3  cps,  figure  42  illustrates  the  resonance,  and  compares 
the  response  at  mixture  ratios  of  5,  6,  end  7,  The  same  phenomenon  is 
present  in  th®  engine  mixture  ratio  response  to  a  change  in  the  main 
chamber  oxidirer  control  area  as  shown  in  figure  43.  This  resonance  will 
be  taken  into  consideration  in  setting  the  gain  of  the  control  system 
at  the  corner  frequency  or  in  determining  a  compensation  network  to 
modify  the  oveiall  control-engine  gain  to  assure  stability. 

(C)  Two  primary  factors  that  establish  the  frequency  response  character¬ 
istics  of  the  engine  system  are  the  polar  moment  of  inertia  of  the  onidis«r 
turbopurap  rotor  and  the  volume  of  the  coolant  passages  of  the  r®&rneraiiv®iy 
cooled  nosale  skirt.  Both  of  these  paramsters  were  arbitrarily  varied  to 
determine  their  effect  on  the  engine  response.  Reasonably  wide  variations 
in  th®  coolant  passage  volume  can  be  tolerated  without  major  changes  in 
the  engine  comer  frequency  or  gain,  ea  shown  in  figure  44.  &  reduction 
in  volume  to  10%  of  nominal,  or  an  increase  to  200%  of  nosine! s  varies  the 
gain  approximately  3  db.  Figure  4$  shows  s  similar  trend  for  the  pole? 
moment  of  Inertia  of  the  osidiser  pump.  A  30%  deduction  in  th®  inertia 
increases  the  gain  about  7  db,  A  30%  increase  in  inorftio  seduces  eh®  gain 
approximately  3  db.  These  variables  are  important  besisufto  thuy  datssa&m 
the  first  eomsr  frequency  of  the  two  propellant  systasss.  The  coolant 
volume  la  the  ‘'slowest"  or  lowest  frequency  unit  1  the  fuel  syst eat,  and 
the  osidiser  turbopuap  polar  moment  of  inertia  *s  eta  slowest  unit  in  the 
oxidise?  system.  The  results  of  ihs  stability  attar, ain  discussed  above 
indicate  reasonable  variations  in  these  parameters  cap  be  tolerated  wither t 
large  effects  on  the  ©varail  engine  response, 
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<«S)  fha  thrust  rsaponefe  of  the  engine  eyases  throughout  the  20%  to  100% 
thrust  range  will  have  a  corner  frequency  that  is  proportional  to  thrust 
level,  The  frequency  response  of  the  engine  system  at  20%  thrust  would 
have  characteristics  similar  to  the  10%  thrust  date  hut  would  have  a 
thrust  response  comer  frequency  of  approximately  0,6  eps,  The  mixture 
ratio  response  would  be  essentia tly  the  ease  at  10%  and  20%  thrust,  the 
gain  levels  of  both  thrust  and  stature  ratio  will  vary  directly  with 
thrust  level, 

<U)  these  analyses  were  completed  utilising  the  demons sra to?  engine  system 
with  a  fined,  regenerative ly  cooled  nosale  skirt,  She  modified clous  20 
this  engine  system  to  derive  the  re&^m&snded  demonstrator  engine  included 
a  reduction  in  the  fuel  system  volume  and  an  inessasa  in  the  ©stalest  turbo¬ 
pump  rotor  inertia,  As  illustrated  by  figures  44  end  45,  both  of  these 
modifications  tend  to  reduce  the  peak  gain  at  £h«  resonant  frequency 
and  effectively  increase  the  system  damping  coefficient, 

(U)  Complete  engine  and  control  system  dynamic  analysis  utilising  the 
nonlinear  analog  simulation  of  the  recommended  demonstrator  engine  con¬ 
figuration  is  required. 

(6)  Dynamic  Engine  Simulation  (Analog  Computer) 

*U)  Control  system  studies  and  the  associated  engine  dynamics  my  be  mors 
conveniently  investigated  with  an  anelog  eomputor  simulation  than  with 
b  digital  computer  simulation.  An  engine  simulation  was  complete  during 
Phase  2  and  has  been  updated  to  this  revised  demonstrator  engine  configu¬ 
ration  with  a  variable  eras  pump  discharge  valve.  The  updated  simulation 
is  presented  and  discussed  in  Appendix  22, 

<U)  Several  studies  using  the  analog  engine  simulation  wars  completed 
deriving  basic  information  on  both  the  static  and  dynamic  behavior  of 
the  engine  system,  The  studies  are  summarised  in  the  following  paragraphs. 

(C)  Tbs  analog  engine  simulation  was  used  to  Investigate  the  response  of 
the  fuel  feed  system  to  torque  and  inlet  pressure  disturbances .  The 
simulation  was  trimmod  to  a  30%  thrust  operating  condition.  Figure  48 
illustrates  the  approximate  operating  lines  of  the  engine  on  a  fuel  .pump 
map.  The  fuel  pump  speed  was  just  above  25,000  rpa  for  this  study 

(C)  Torque  disturbances  ware  arbitrarily  input  to  the  fuel  pusp  with  ewe 
ievnls  of  pressure  loos  (95  and  160  psi)  at  the  pump  discharge,  and  with 
a  cavitafcing  venturi  at  the  pump  discharge.  Both  plus  ind  minus  step 
Inputs  were  used,  but  the  minus  inputs  were  saore  severs  because  the  fuel 
p&sa  l*  driven  toward  lower  flow  rates  for  this  condition,  Figure  49  com¬ 
pares  the  results  of  she  minus  step  inputs  for  the  three  diffsrsnt  pump 
discharge  configurations,  Ifce  step  input  in  torque  was  mads  excessively 
large  (approximately  301)  to  ensure  significant  reaction  levels.  The 
cavitating  venturi  case  was  completely  stable,  ev@f|  though  the  pump  flow 
was  significantly  reduced  and  mixture  ratio  was  driven  to  1,5,  The  160  psi 
loss  ease  provided  a  stable  reaction  where  the  fuel  flow  exhibited  small 
fluctuations,  but  settled  out  in  approximately  0,250  seconds.  The  95  nsi 
pressure  loss  case  reacted  in  an  unstable  manner  to  the  step  input,  -ven 
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in  gradually  Increaeins;  2low  oscillations,  finally  resulting  in  high 
amplitude  flow  excursions  until  the  torque  was  returned  to  the  nominal 
value.  A  positive  step,  shown  on  the  first  section  of  the  trace,  wss 
stable, 

(U)  A  similar  proceduro  was  followed  with  main  fuel  pump  inlet  pressure 
step  Input  changes.  Again,  a  large  variation  {£  50  psi)  was  usad  to 
obtain  significant  reaction  levels,  fhs  fuel  pump  discharge  configuratiJns 
mm  repeated  and  the  results  ware  similar,  as  shown  in  figure  51  (a.g, , 
the  eavl bating  venturi  end  the  160  pel.  loss  cases  were  stable,  end  tho 
95  pel  loss  case  was  unstable) .  The  overall  engine  mixture  retia  and 
flow  reactions  were  smaller  because  the  mean  levels  ere  little  affected 
by  the  SO  psi  pump  inlet  pressure  change, 
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Figure  48.  Fuel  Pump  Performance  During 
10« Second  gamp  os  tween  20% 
and  100%  Thrust  (Open* Loop 
Control  System) 
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(U)  fh*6i«  data  mm  fSMre&ad  with  £ixed  control  areas  to  illustrate 
£it5  v*  *h*>  fes&is  SRgijis  *ys 5»rffii,  Oiosed* loop  controls  should 

l^prov^  ths  dy*^ii63lc  r&jspisne^  j  If  4  ss© fel  1 1  «© t Ion  device  Is 

««*,«$,  the  fuel  sauro it  wsiva  sssy  £«  scbertuiri  in  the  ley  thrust 
«  to  provide  s.b«  assail  pr^ssur©  drop, 

(£)  Inform  tio«  regarding  she  JLc flu/iece  peteniisi  control  area  }oca- 

tio5*.a  upon  ©..gins  performance  "St  develc-pad.  Setting  th©  open- loop 
controlled  ©»§£ne  analog  mi  one  of  *  nurles  of  nominally  designated 
thrust  levels  <3®,  60,  and  SQ%>  and  aiutura  ratios  (5,  6,  and  ?) ,  & 
singlo  eortroi  arsa  wsp  incsessental ly  varied  In  aach  of  the  three  ©sin 
propellant  lines. 

!.  Fuel  pwforaar  Una  <AVSH> 

2.  Oxidis&r  prs burner  iin®  (A1!€  +  ALS) 

3,  OxidSss?  awsla  chaster  Una  <«MSG  +  aLBT  +  Ah*J) . 

(U)  Values  for  thrust,  stixtur*  ratio,  and  control  area  were  recorded 
for  several  arm  values  shat  wera  set  about  e^ch  nominal  point. 

(U)  the  results  of  this  invaefcig&Men  ara  shown  in  figures  52  through 
5ft,  A  esmtrol  area  (aVEM)  in  th*  fuoi  line  to  the  prebumar  has  & 
high  gain  with  alxtuar©  ratio  with  vary  little  effect  upon  thrust.  A 
coatrei  «ras  *  AS.S)  in-  the  pre&urner  oxidizer  Lina  has  high  thrust 

gain  with  a  ssasll  aistvrs  ratio  gain.  However,  a  control  in  the  main 
ch<sic:  «r  ajsidiasv  iin®  has  significant  influence  in  both  thrust  and  mixture 
mtio,  Tbi  thrust  l«v«sl  Influence  results  from  the  back  pressure  produced 
on  irm  main  turbines  fey  oxidizer  flow  into  the  sain  chasbar,  which  directly 
affects  clyy&fe®?  pressure.  Th©«e  result©  indicate  a  fuel  side  mixture 
ratio  canssol  at  AFS)  will  have  less  closed- loop  interaction  with 

£h*  thrust  control  (jhtH)  chan  will  oxidise?  side  mixture  ratio  control 

ftanr.). 
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Figure  52,  Control  Area  Influence  at  3CrJ  fhrust  EF  57077 
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Figure  53.  Control  Are..  Influence  at  60%  Thrust 
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Figure  54.  Control  Area  Influence  at  90%  Thrust  DF  57079 

(C)  System  stability  vaa  evaluated  with  both  integral  end  proportional 
control  gains.  A  schasatic  of  the  control  logic  used  £er  the  thrust  and 
mixture  ratio  controls  is  shown  in  figure  55.  During  these  invest igati one , 
the  scheduled  valves  were  controlled  directly  by  the  power  lever  angle v 
which  produces  the  desired  thrust  input  to  the  control  system.  Only  the 
thrust  and  mixture  ratio  controls  received  feedback  information  fro®  the 
engine  systems.  Figure  5*  illustrates,  the  recovary  dynamics  of  the 


engine  and  control  system  to  a  large  step  input  disturbance.  The  input 
disturbance  was  obtained  by  retarding  the  power  iever  to  &  thruet  below 
20%,  alloying  the  system  to  settle  and  then  instantaneously  advancing 
the  power  lever  to  the  20%  thrust  level.  This  results  in  a  step  change 
in  all  the  scheduled  valve  areas  and  a  step  change  in  the  error  signals 
to  the  thrust  control.  Although  Jie  control  gains  are  not  optimised, 
these  results  illustrate  the  rapid  response  (approximately  0.2  second 
for  chamber  pressure  to  reach  the  desired  level)  and  the  stafcl .  recovery 
of  all  parameters  without  oscillations.  Host  parameters  have  reached 
equilibrium  in  0.5  second  and  the  entire  system  has  settled  in  slightly 
more  than  1.0  seconds. 
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Figure  56.  Stability  Analysis  Data  FD  20049 

(Concluded) 

(C)  The  analog  computer  engine  simulation  was  used  to  determine  the 
transient  characteristics  of  the  engine  system  using  closed- loop  thrust 
and  mixture  ratio  controls  with  flow  feedback.  Figures  5?  through  59 
show  engine  performance  during  accelerations  and  decelerations  using  a 
closed-loop  thrust  control  located  in  the  preburner  oxidizer  line  and  a 
closed-loop  mixture  ratio  control  located  in  the  preburner  fuel  line.  The 
accelerations  and  decelerations  (between  207.  and  100%  thrust)  were  simu¬ 
lated  by  4-second  power  lever  ramp  inputs,  which  is  20%  faster  than  the 
nominal  requiresent  of  5  soconds.  Both  prebumer  and  engine  mixture 
ratio  variations  from  the  nomiiuu  values  during  the  transients  were  email 
except  at  low  thrust  levels  as  shown  in  figures  57  and  58.  No  significant 
overshoot  or  undershoot  wae  observed  in  the  simulations  as  shown  in  fig¬ 
ure  59. 

2.  Flight  Engine  «nd  Parametric  Performance  Data 
a.  General 

(y)  the  objectives  of  this  task  were  to  define  a  250,000- lb  thrust  flight 
engine  configuration  and  to  generate  parametric  engine  performance  dat® 
for  use  in  the  Applications  Study. 


Pressure 


(y)  rhe  rwquirsosnta  ana  cna  resultant.  epsrativnei  cajmemifae  Si  m»5 
high  pressure  destoasierBeeT  e$d  .flight  engines  are  the  5£ss.  (ftsfer  to 
table  111,)  The  flight  end  demonstrator  engines  differ  in  that  the 
flight  engine  has  assumed  higher  turbopusp  efficiencies  and  iowur  tran¬ 
spiration  coolant  flows  whieh  reflect  anticipated  improvements  resulting 
from  hardware  development  and  refinement  of  analytical  techniques {  demon¬ 
strator  engine  components  used  lightweight  designs  while  the  flight 
engines  were  fiightweight.  Engine  cycle  optimisation  techniques  used  in 
the  flight  engine  analysis  ware  similar  to  those  employed  in  the  demon¬ 
strator  engine  analysis t  The  weight  analysis  of  the  flight  engine  was 
completed  assuming  a  mid-1973  elms  constraint  for  technology  and  materials 
development. 

flj)  The  flight  engine  configuration  was  used  as  the  base-point  for  the 
parametric  data  analysis.  The  engine  was  scaled  to  provide  engine  per¬ 
formance  data  for  a  wide  range  of  thrusts ,  chamber  pressures,  nosele 
area  ratios,  and  nosslc  contours.  The  operational  capabilities  are  the 
sasss  as  for  the  flight  and  demonstrator  engines.  The  parametric  per¬ 
formance  data  are  presented  in  Appendix  XXX. 

b.  Flight  Engine  Configuration 

(1)  Cycle  Balance 

(U>  Relatively  high  performance  was  achieved  for  the  demonstrator  engine 
and  very  modest  improvements  in  technology  were  assumed  for  the  flight 
engine.  Table  XV  presents  the  estimate  of  these  technology  improvements 
and  following  sections  describe  the  development  steps  required  to  provide 
the  flight  engine  technology. 

(C)  Table  XV.  flight  Engine  Development  Parameters 


Parameter 


Demonstrator 

Engine 


Plight 

Engine 


Fuel  Pump  64 

Efficiency,  % 

Gxldlser  Pump  69 

Efficiency,  % 

Overall  Specific  96.6 

Impulse  Efficiency 
at  r  *  6 

Weight  (Upper  Stage  3450 
Application) 


Development  Steps 


Shrouding  of  impellers 

Hydraulic  development, 
fftcreased  boa  ring  Dll 

gefinesanfc  In  cooling 
techniques,  improved 
injector  parformance 

‘'Flight?'  criteria  rather 
than  "light"  criteria 


(C)  Applying  the  shew  improvements ,  cycle  balance  data  were  generated 
for  an  uppar  stage  flight  engine  for  100%  and  20%  thrust  at  mixture 
ratios  of  5,  6*  and  7.  These  estimated  operating  characteristics  ere 
presented  in  table  XVI . 


(C)  Table  XVI.  Ssctoatcd  Flight  Engine  Operating  Characterise! 

Opper  Stage:  Koaaie  Extended  (Cycle  AF-1104) 


(I)  Fuel  rasp  grticseaef 

fhs  flight  fuel  pw#  sgfigiaaoy  is  obtained  fey  shrouding  shs  imps  Hare. 
Shrouded  impellers  pr^dust  e  higher  t^ad  coefficient  that  permits  reduced 
impeller  and  housing  diisssitete,  which  reduce*  fcutfcspuap  weight  end  siae. 

Tests  conducted  with  the  350K  fuel  pump  end  the  iS.10  fusl  pump  hsva  shown 
this  hydfsulle  ^erfomaftee  improvement  can  bs  achieved.  Mechanical  develop¬ 
ment  is  currently  being  pursued  under  an  independent  progress  to  demonstrate 
shroud  attachment ,  1 

(h)  Osidleer  Pump  Efficiency 

<U)  Hydraulic  development,  of  the  oxidises:  pump  'fed  increased  rotor  speed 
will  increase  the  oxidlsar  pump  efficiency,  The  3 SDK  oxidizer  pump  test 
results  have  desemiRsd  the  areas  where  hydraulic  development  Is  required. 
These  areas  sr©  in  the  high- spaed  inducer/irapeller  matching  and  in  impeller 
blade  and  passage  gaesafry, 

(S)  further  impmvasanf  is  possible  by  increastlng,  the  .fiumimua  rotor  speed 
from  25,300  rp;a  to  2?,005  rpi.  This  requires  .increased  'bearing  DH  capa¬ 
bility  from:  1,29  to  1.3S ' x  10®  ‘fm^m  V£>,..  Increased  speed  improves 

pusp;  @f iiciehiy  fch^ough  highir  tpaeific.  ^  .  These  aadhat  development 

■stepe;;wlit  i£aprev«-  th«;  OKiiic«;r  p^gf  -elf ic|*hcy  irc-m  bS^V  .sB  used  in  the 

|o|  thb  tii^nt  engine . 

(c)  Oxidigar  lljrbine  Efficiency  '•  \  -  ~  ' 

<C)  Tha  iraproved  turbine  efficiency  of  ts4e  flight  turbopusp  is  bssed  on 
the  increased  ,r?ipr  speed  described  above  and  the  decraased  turbine  powar 
as  a  result  of  the  improved  pump  efficiency.  Turbina  aerodynamic  develop¬ 
ment  is  not  required,  She  oxidieer  turbine  wheel  Spaed  will  increase  to 
approximately  1200  ft/sa®,  which  is  70&  of  the  demonstrator  engine  fuel 
turbine  wheel  spaed, 

(d)  Overall  Specific  Impulse  Efficiency 

(U)  deduced  transpiration  coolant  flow  through  the  application  of  advanced 
cooling  techniques  will  provide  a  two- fold  improvement  in  impulse  efficiency, 
First,  the  lower  cculant  flow  increased  the.  props Uant  flow  available  to 
the  main  injector  and  reduces  the  injector  mixture  ratio  for  any  engine 
operating  mixture  ratio.  This  increases  the  specific  i«Edi»e  of  the  main 
propellant  stream.  Secondly,  the  amount  of  propellant  expanded  at  low 
mixture  ratio  near  the  no  a  ale  v?a!i  ie  reduced, 

111)  injector  davelopsuanfc  will  result  in  a  more  uniform  combustion  profile. 
h  unifora  profile  improves  bath  the  combustion  efficiency  and  tho  efficiency 
of  the  noBsia  expansion  process. 

(2)  Engine  Description 


(U)  Tha  250,000- lb  thrust,  atagsd-eombuaUen  high- pressure  rocket  engine 
with  a  two- position  bail  nossle  is  a  versatile,  cMpscr ,  high* perfcraancc 
propulsion  system  for  use  in  both  upper  add  lower  stages  of  advanced 
vehicles .  Horala  interchangeability  and  the  two- position  oo?.sl«  concept 
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permit  operation  of  the  same  engine  system  with  optimum  ncssia  area  ratios 
to?  improving  the  performance  of  the  lower  stages  within  the  atmosphere 
and  provides  high  p®fforaancs  In  upper  stages  by  using  hl^  ores  .ratio 
nossles,  This  interchangeability  is  achieved  by  using  a  common  cuefed- 
mschinery  power  package  and  attaching  the  desired  noagle  skirt  for  the 
various  application  requirements „  " 

<U>  The  flow  paths  and  the  components  of  the  flight  and  doaonatrater 
engine  are  identical  except  for  the  following  items: 


1.  Flight  engine  fuel  impellers  are  shrouded, 

2.  A  part  of  the  flight  engine  fuel  low- speed  induce?  turbine 
flow  is  ducted  back  into  the  main  turbine  discharge  fedddu# 
it  is  not  required  for  cooling  the  main  chamber. 

3.  bump  cooling  starts  at  an  area  ratio  of  35, 

(U)  A  preliminary  installation  drawing  of  the  angina  is  ffei?®nt$d  in 
figure  dO. 

(3)  Flight  Sngin3  Weight  _L_„  -  -  -  ;  ;  f  - 

<C)  The  flight  engine  estimated  weight  is  2680  lb  for  a  250,pQCrih  thrust 
engine  with  a  noaale  area  ratio  of  |§|g-  .  jQLftg?' wMij&fe.li:  ichlt(i8a  $>?  ~ * 
straight  forward  engineering  refinement  anddoae  not  ifsquiretechnoiogy  -- 
advances.  A  comparison  of  the  component  weight  breakdown  for  thd  daaoh- 
strator  engine  and  for  the  flight  engiria  is  shown  liv  table  XVTXV  r 

(U)  Tho  basic  ground  rules  used  in  Che  flight  engine  weight  analysis 
were:  -  '  . 

1.  Engine  praiimistary  flight  rating  test  <FFRT)  development 
program  has  been  completed  (target  PFST  dated  mid- 1973). 

2.  Component  technology  and  materials  that  can  be  developed 
by  mid-1973  wars  considered, 

3.  Control  actuators  were  not  included  in  the  demonstrator 
engine  weight.  However,  the  flight  engine  weight  summary 
includes  the  complete  control  aystea, 

{$)  .^’fcbVJrnor 

(U)  #ils£  weight  of  the  de^onstraterangina  preburnsr  Injector  assembly 
wii  1  ba  jiducfiV  AS  poundy  lby  yslnga  tapsradf^  by  reducing 

the  volume  inclosed  by  the  outboard  bousing.  Tha  reduc 

is  ptsrmiis^i  because  the  facility  actuator  scunting  used  ts»  the  demonstrator 
.assembly  *.»•  ^Snlnstt-d,  thereby  aliroinsting  the  seal  package,  _ 


Figu*«  60,  Preliminary  Plight  Engine  Installation  Drawing  70  21SNS9C 


(C>  table  XVXL.  Setsonstt&cor  and  Flight  Engine  Estimated  Height 


Component  Assembly 

Demonstrator 

Engine 

flight 

Engine 

Prebu rner 

320 

[»-  wnl** — WiHaa  3>* 

275 

Transition  Case 

3S0 

316 

Main  Injector 

135 

126 

Main  Chamber 

445 

in 

TVo- Position  Nozzle  and  Actuators 

555 

446 

Fuel  Turbo pump 

353 

274 

Oxidizer  Turbopump 

280 

250 

Low-Speed  Inducer? 

215 

211 

Controls  0.S33  Actuators  and  SCU) 

380 

3,<2 

Plumbing 

310 

112 

Miscel Uneous 

73 

?4 

To  t«i 

3450 

2600 

(b)  Transition  Case 

(U)  Th«  demonstrator  engine  transition  case  design  is  based  on  con* 
setvstive  design  margins  pending  model  tests  and  completion  of  a  detailed 
design.  Fabrication  of  the  flight  engine  transition  sa*a  from  boron 
filament  relnfoiced  Inconel  718  rather  than  an  Inconel  71$  forging 
provides  the  64- pound  weight  reduction. 

<c)  Main  Injector 

(U)  The  9-  pound  weight  reduction  i.i  the  main  injector  is  derived  from 
reduced  main  chamber  diameter  made  possible  by  thinner  transpiration 
wall  thickness. 

(d)  Main  Chamber 

(U)  Elimination  of  replaceable  metering  orifices  in  the  copper  wafers  and 
material  changes  made  possible  by  application  of  advanced  cooling  concepts 
permit  a  reduction  in  the  chamber  wail  thickness,  with  a  resultant  reduction 
in  the  outer  structural  shell  diameter.  A  2»inch  reduction  in  chamber 
length  and  &  reduction  in  Che  transpiration  cooleo  ares  downstream  of  the 
throat  was  also  incorporated  in  the  flight  engine  weighs  estimates.  These 
modification?  produce  an  estimated  weight  reduction  of  173  pounds. 

(e)  Two- Position  Nozzle  and  Actuators 

(U)  The  flight  engine  nozzle  configuration  was  assumed  to  be  dump  cooled 
from  an  expansion  ratio  of  35  rather  than  from  an  area  ratio  of  80  used 
in  the  demonstrator  engine.  The  use  of  the  lightweight  dump  cooled  nozzle 
construction  in  place  c£  the  tubular  regenerative  heat  exchanger  reduces 
the  weight  of  the  fixed  nozzle  skirt.  Actuation  system  weights  Are  reduced 
through  the  use  of  hollow  foam- filled  formed  steel  jack  screws.  A  shset 
aetai  seal  at  the  junction  of  the  translating  and  fixed  nozzle  sections 
replaces  the  ring  seals  used  in  the  demonstrator  configuration.  The 
weight  is  reduced  109  pounds  by  these  changes. 
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VW  Shrouded  impellers  cc  pjnvioo  an  increase  in  pump  efficiency  fro® 

^  to  72%  reduce  the  flight  engine  iapsiiec  disasters  sod  permit  a 
reduction  in  housing  weights.  The  fuel  turbopump  weight  is  reduced 
81  {Oufidt  by  the  diameter  changes  and  machining  away  excess  housing 
material. 

(g)  Oxidizer  Turbopump 

(C)  ITigbi.?  rotor  speed,  27,000  vs  25,800  rpm,  increases  the  pump  and 
turbine  efficiencies  of  the  oxidizer  turbopurop  and  permits  a  reduction 
in  th*i  1  apeUar  and  housing  diameters.  The  weight  reduction  (30  pounds) 
i«  primarily  from  the  reduced  housing  weights, 

(h)  how-Speed  Inducers 

(U)  Die  demonstrator  engine  fuel  and  oxidizer  low-speed  inducer  turbo- 
puifipj?  are  essstvtisily  flightwcight  designs.  Scalloping  flanges  and 
excess  material  removal  result  in  a  2-pound  weighs  savings, 

<i)  Controls 

<U)  A  comparison  of  the  control  system  weights  given  in  table  XVII  must 
consider  the  facility- type  equipment  that  will  be  used  during  the  demon' 
sirator  program.  The  controls  system  computer  and  valve  actuators  for 
the  demonstrator  engine  controls  are  facility  equipment  and  are  no> 
included  in  the  weight  estimate.  The  demonstrator  engine  control  valves 
and  flowmeters  watgh  340  pounds.  Comparable  flight  engine  valves  atid 
flowmeters  weigh  232  pounds.  This  reduction  is  a  '.omplished  through 
reduced  housing  thickness  and  the  elimination  of  actuator  mounting  pro¬ 
visions  to  accept  both  flight  and  facility- type  actuators.  The  actuators 
Included  in  the  demonstrator  controls  weigh  40  pounds.  Flight- type 
actuators  for  all  ssntrols  are  estimated  to  weigh  65  pounds.  A  computer 
(no  comparable  weight  included  in  the  demonstrator  controls)  weighing 
25  pounds  is  included  in  the  flight  engine  controls  weight. 

(j)  Plumbing 

(U)  Boron  filsmsnt  wound  plumbing  using  an  aluminum  binder  was  assumed 
for  the  flight  engine.  This  fabrication  technique  provides  a  weight 
reduction  of  1,98  pounds.  This  weight  reduction  was  based  on  a  strength- 
to- density  ratio  of  2  s  10^  in.  With  continued  development  of  boron 
filament  technology,  strength  to  density  ratios  of  4  x  1G»  in,  are 
expactod  in  the  1970' a. 

c.  ram  trie  Performance  Bat# 

(,f)  The  objective  of  the  parametric  data  analysis  was  to  establish  the 
effect  of  thrust  level,  mixture  ratio,  chamber  pressure,  nozzle  area 
ratio,  and  nozzle  contour  on  specific  impulse,  engine  envelope,  and 
weig.'t.  These  parametric  data  are  predate*:  in  Appendix  III. 
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(£)  The  r@n«as  of  en« Ins  parameters  included  in  tha  parasatrtc  decs  are? 

1.  V-seuum  thrust  -  100,000  to  330,000  lb 

2.  Chamber  pressure  -  2000  to  3500  pats 

3.  Overall  engine  mixture  ratio  -  5  to  7 

4.  Overall  expansion  ratio  *  50  to  400 

5.  Nozzle  contour  -  maximum  performance,  baseline,  and  minimum 
surface  area 

6.  Primary  expansion  ratio  -  35  and  those  required  for  minimum 
stowed  length. 

(U)  Values  of  specific  impulse  are  given  for  an  altitude  range  from  sea 
level  to  vacuum  conditions.  Engine  weight,  overall  diameter,  and  length 
are  given.  Both  tha  overall  length  for  the  nozzle  fully  extended  and  the 
-towed  length  for  the  fully  retracted  nozzle  are  shown.  The  250,000- lb 
thru-.t  flight  engine  served  as  the  base- point  engine  for  the  parametric 
performance  data. 

3.  Dual -Preburner  Cycle  Study 

(U)  An  alternative  engine  cycle  using  a  dual-preburner  system  was  evaluated. 
The  purpose  of  the  study  was  to  determine  if  the  dual- preburner  system 
afforded  an  appreciable  advantage  over  a  alngle-preburner  system  in  terms 
of  fuel  and  oxidizer  pump  discharge  pressures.  It  was  concluded  from  this 
study  that  a  dual- preburner  system  does  not  allow  a  sufficient  reduction 
in  fuel  ,-Hirap  discharge  pressure  go  warrant  the  increased  system  and  control 
complexity  chat  results  from  its  use. 

fU)  Tills  study  was  undertaken  before  the  cycle  optimization  technique# 
used  in  later  cycle  studies  were  developed  and  thus  the  absolute  values 
of  parameters  presented  in  the  text  and  accompanying  figures  are  not 
necessarily  applicable  when  making  o  direct  comparison  of  the  dual  and 
single  prefeurner  systems.  However,  the  relative  levels  of  parameters 
are  realiistlc  and  the  conclusions  drawn  from  lHc  study  remain  valid. 

(U)  Detailed  analytical  studies  were  conducted  to  establish  the  design 
point  cycle  balance  and  off-design  performance  characteristics  of  a  dusl- 
preburnei  engine  system.  Preliminary  design  layouts  to  define  the  com¬ 
ponent  arrangements  for  the  dual-prebumor  system  were  also  completed. 

(U)  A  flow  schematic  of  the  dual-preburner  system  is  shown  in  figure  $1. 

For  comparison  purposes,  a  flow  schematic  of  a  s ingle- preburnsr  system 
Is  provided  in  figure  62,  There  are  several  possible  combinations  of 
flow  paths;  however,  all  would  have  the  same  basic  performance  char¬ 
acteristics.  The  flow  required  to  cool  the  nozzle  la  included  in  the 
fuel  line  to  the  oxidizer  prebumer,  Sscsu'-v  the  fuel  fcurbopuap  has  the 
largest  horsepower  requirements,  this  path  provides  the  most  efficient 
fuel  system.  Including  the  cooling  flow  in  the  oxidizer  prebumer  line 
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\C}  *hs  £«sl  6iH5  va«£isur  jnteip  requirS&dnte  (i§  a  function  Of  ssigsure 
ratio  at  full  thrust)  era  givss  in  figures  63  through  65,  for  comparison 
purposes,  the  single* prebureer  cycle  operating  at  full  thrust  and  the 
variable  turbine  van®  area  system  are  also  shove,  Tfrt  fuel  pump  require¬ 
ments  are  superimposed  on  the  fuel  pump  performance  curve  in  figure  66, 
the  results  indicate  that  eh®  maximum  fuel  pump  discharge  pressure  at 
the  highest  flow  condition  (r  a  5.6)  would  bo  reduced  approximately 
150  psia  with  the  dual' preburner  system, 

(0)  In  a  preburner  cycle,  the  pump  power  requirements  ore  provided  by 
turbines  that  derive  their  power  from  the  preburner  flow,  energy  level, 
and  pressure  ratio. 


Turbine  horsepower 


v**1' 

r\T 


where: 


W  *  Turbine  weight  flow 
h  *  Turbine  inlet  enthalpy 
?q  11  Turbine  inlet  total  pressure 
§>  a  Turbins  discharge  static  pressure 
y  a  Ratio  of  specific  heats 
C  •-  Conversion  factor 


Duel 

Fr*burn*r 


VeriafeSe  | 
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Figure  63.  Qsldiser  Fusp  Treasure  Rise  vs  FB  13945 
Mixture  Ratio 

ioii 


Figure  66.  Fuel  Pump  Pressure  Rise  vs  FB  15992 

Fuel  Pump  Flow 

(U)  The  maximum  turbine  power  is  provided  with  maximum  fuel  and  oxidizer 
flow  to  the  preburner  and  burning  at  maximum  allowable  temperature. 

(U)  Ail  of  the  fuel,  except  the  transpiration  coolant,  flows  to  the  pre¬ 
burner,  which  is  limited  in  maximum  temperature  and  thus  in  mixture  ratio. 
The  available  turbine  fl"w,  therefore,  decreases  with  increasing  mixture 
ratio  ns  shown  in  figure  67. 

(U)  Operation  at  the  highest  mixture  ratio  point  is  the  limiting  case 
from  an  available  turbine  power  standpoint  for  both  the  single-  and 
dual- preburner  configuration.  The  pump  horsepower  characteristics ,  as 
a  function  of  mixture  ratio,  result  in  a  net  decrease  in  required  power 
as  mixture  ratio  increases  (figure  68) }  however  the  decrease  does  not 
offset  the  reduced  available  turbine  power. 

(U)  The  power  balance  must  involve  using  the  available  flow  and  enthalpy 
to  establish  the  required  pressure  ratio  to  satisfy  the  pump  power  require¬ 
ments  . 
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(U)  The  relationship  of  flow,  t#par*stu£e,  inlet  pressure ,  e  .and 
pressure  ratio  must  also  bo  satisfied.  The  equation  for  gaess  is  ex* 
pressed  *s  t 


iM' 


1/3  »t. 
r  1 


where*. 

&  *  Hass  flow  rate 
A  «  Effective  eras 
T  «  Total  temperature 
P0  *  Jnlet  total  pressure 
P  “  Exit  static  pressure 
y  *»  Sa'tio  of  specific  heats 
R  **  Css  constant 

Xf  the  Inlet  pressure  and  pressure  ratio  ate  determined  by  the  power 
requirements,  the  area  must  be  set  to  satisfy  the  flow  requirements. 
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Figure  67,  Total  Turbins- Flow.  Available  W  1600SA 
vs  Mixture  Ratio 
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(U)  The  limiting  balance  paint  of  pump  horsepower  and  turbine  flow  <'ceurs 
at  highest  mixture  ratio,  Therefore,  this  operating  condition  must  control 
the  setting  of  the  turbine  areas*  The  selection  of  the  turbine  area  is  such 
that  the  required  mixture  ratio  excurtion  nay  be  mat  without  exceeding 
limits  of  pump  speeds,  turllne  inlet  temperature,  etc. 

(U)  For  the  single  preburner  eng^  <e,  the  turbine  areas  are  established 
to  balance  the  pump  requirements  vith  the  pump  capability  over  the 
mixture  ratio  range.  In  the  ^ual-prebumer  configuration  the  turbine 
areas  are  set  at  the  highest  mixture  ratio  because  each  pro burner  mixture 
ratio  can  be  scheduled  with  engine  mixture  ratio.  The  resulting  turbine 
areas  ere  shown  in  figure  6$  along  with  the  desired  schedule  for  variable, 
turbine  areas , 

(U)  Figura  66  and  equation  (2)  show  that  the  turbine  inlet  pressure  haB 
a  flow-area  restriction  to  satisfy  in  addition  to  the  horsepower  require¬ 
ments,  Further,  the  available  turbine  flow  cannot  have  the  dasirad  split 
according  to  the  horsepower  ratio  between  the  two  pumps.  This  effect 
is  shown  in  figure  ?0. 

(U)  Shis  in  turn  imposes  an  additional  turbine  inlet  pressure  requirement 
such  that  at  low  mixture  ratio  the  pressure  ratio  must  increase,  (See 
figure  71.) 

(U)  Fur  fixed  geometries,  the  available  turbine  energy  split  is  constant 
although  the  power  requirements  are  not  constant  with  mixture  ratio.  For 
a  single  preburner,,  th®  required  scheduling  of  the  total  turbine  energy 
provided  and  the  constant  turbine  power  split  will  result  in  one  turbo- 
pisrop  to  bo  power  balanced  and  the  other  to  have  excess  available  power. 

This  effect  yields  the  pump  characteristics  shown  in  figures  63  to  65. 

The  use  of  variable  area  allows  the  turbine  inlet  pressure  to  be  set 
cn  the  basis  of  power  requirements  only.  It  is  possible  to  schedule  I'ha 
maximum  available  turbine  flow  at  maximum  temperature.  Therefore,  the 
flow  split  (figure  70)  between  the  turbines  can  be  varied  according  to 
individual  pump  power  requirements ,  This  results  in  considerably  reduced 
turbine  inlet  pressure  requirements  and,  thus,  reduced  pump  requirements, 

(t)  The  use  of  a  duai-praburoer  system  provides  mixture  ratio  schedules 
of  each  preburner  and  allows  a  constant  turbine  inlet  temperature  if 
desired.  For  tha  fuel  turbine *  tha  maximum  available  energy  is  required 
and  therefore  the  maximum  allowable  temperature  is  held  da  shown  in  fig¬ 
ure  71,  because  the  dual- preburner  allows  different  turbine  inlet. tem¬ 
peratures,  the  oxidizer  grebumer  mixture  ratio  is  reduced  w*th  decreasing 
mixture  ratio  as  shown  in  figure  72,  This  reduces  the  oxidizer  pump  dis¬ 
charge  pressure  at  low  mixture  ratio  as  shown  in  figure  63i  it  should  be 
noted,  however,  that  the  oxidizer  system  could  be  reduced  further  except 
that  it  must  provide  pressure  to  tha  fuel  praburnsr.  This  is  illustrated 
in  the  horsepower  curves  in  figure  68.  The  extreme  reduction  in  oxidizer 
turbine  temperature  coupled  with  the  fixed  turbine  areas,  causes  a  slight 
reduction  in  fuel  turbine  flow  (as  a  percentage  of  total  flow) ,  which  Is 
shown  in  figure  70, 
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- -wasted  fuel  turbine  in  Jet  temperature.  Tfcfr  ability  to  lndl*i«uai ly 
-.ito-l  sbs-  turbine  Inlet  temperatures  results  in  the  large  reduction  Is. 
i'  ojtidi^r  pressure  requirements. 


fU)  Ths  component  ArraRjgft^onfc  for  the  dual  -  pro  burner  inf  l  gu  ration  is 
-howri  <f*  fiscal?  73.  An  g*ternartv«  radial  arrangement  l»  shown  In 
i igat'c  74.  tl&sa  st«dAea  indicated  tKst  the  overall  engine  envelope 
requ itemsots  of  dlas&te f  And  1  &«§'•;  could  be  retained  with  the  dual- 
pre&utosr  component  4t raags»ent s ,  A  weight  increase  over  the  single 
oi'if box-net  system  -if'  apfjrojsltfcs'sly  SO  pounds  w as  estimated. 


(U)  tiie  additional  somHasHon  systw  *M  additional  control  complexity 
for  the  dual-prs burner  cycle  would  result  in  3  less  rel.abls  sy stem. 
Furthgt  additional  controls  may  hs  required  to  ensure  balanced  eccel- 
erati'*>'.  in«  docs?  i  e  ra  f  ion  of  the  turbo  pumps  . 


<M)  Fu-^p  distharg*  pressure  reductions  o*  ISO  psi  and  550  psl,  at  the 
maximum  £lw  conditions,  for-  tufc  foil  & no  oxidizer  pumps,  respective! y , 
ore  possible  with  ths  dual- prshatnar  cycle.  Fuel  pump  requirements  are 
of  more  tnitur&s-S  ,  however,  than  ox’Ufzfcr  pump  requi  r«sr,er»r,8  because  the 
r>u?\  pump  Js  generally  designed  to  op&ielo  at  the  t&chooiogy  limit.  It 
W3*.  -.o"u  that  the  dual- ptvb'.rner  cysle  did  not  warrant  further 

runs ldets  ( ton  because  it  1?  cons,  d«r.tbi  y  more  c  rsf/les;  than  a  singie- 
prgburnA?  rw.gioe,  and  because  it  offers  no  *l,gfslf irant  performance  or 
vt».*jdtf  Advantages  over  the  single- preburner  c/rlc,. 
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section  v 
APPLICATIONS  STUDY 

(U)  Th®  overs  1 1  objective  of  the  Apnl leatlona  Study  wss  to  investigate 
the  application  of  the  high  performance  staged-combustion  engine  In 
representative  advanced  r-^'kat  stage#  end  to  determine  the  resulting 
performance.  A  secondary  rjectiva  wne  to  asceas  changes  in  vehicle 
performance  which  could  rewuit  from  various  angina  options  or  advanced 
features,  A  stags  figure  of  merit  (referred  to  as  the  Performance 
Index,  Hjj)  was  specified  and  used  for  performance  evaluation.  Performance 
Index' Included  considerations  of  engine  specific  Impulse,  weight,  slste, 
and  Installation  features  as  those  parameters  ofiect  vehicle  performance. 
Engine  associated  weight  Includes  Items  such  ns  thrust  structure,  -eed 
lines ,  fchruat  vector  control,  failure  detection  equipment,  and  propellant 
tank  pressurization, 

(C)  Six  vehicle  cases  were  studied  for  250K  and  35$t  vacuum  t.  rust  en¬ 
gine  sizes.  The  six  cases  specified  for  this  study  were: 

Case  l  -  expendable  lower  stage 

Case  2  -  expendable  upper  stage 

Case  3  -  expendable  sin  '“-stage  to  orbit 

Case  A  -  racoverablo  lo  stage 

Cose  5  -  recoverable  upper  stage,  pick-a-back 

Case  6  -  recoverable  upper  stage,  tandem. 

These  application  cases  are  shown  schematically  for  both  engine  sizes  *n 
figures  7  5  and  76. 


UPPER  STAGES 

CASS  HO.  a  .  EXPENDABLE 


ggA  LEVEL  STAGES 

CASE  NO.  I  •  NDA8L8 


Qrcas  Wt »  tfcC.000  «f 
AV  *  16,000  ft/ws 


CASS  HO.  &  -  REUSABLE  IPICK-A-BACKl 

_ _ 

<Z 


Gross  Wt  «  *00,000  lb 

av  •  io.ooo  ft/6« 

CASE  NO.  3  •  SINGLE  8TAOB*TO*ORB!T 


?b3 /  <U 


OffrSt  Wt  *  600.000  !b 
rfV  *  ia,'!OQ 

CASK  NO.  «  •  REUSABLE  ITAHDEMI 
_ _  — J 

c... 

Orow  Wt  »  lb 

«V  a  16,000  ft/m 


Figure  75.  Application  Study 
25 OK  Engines 


Qmi  Wt  *  ®XMS®0  !b 
4V  «  23,000  ($,*»« 

CASE  NC  i  -  REUSABLE 

:7<k 


L 


Cross  Wt  »  1  ,*§0,000  lb 
*V  «  10,000  ii/*ee 


VehicU‘9 , 


PD  21995 
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UFPiE  BTAQm 
CASE  no.  8  •  SJtFEMnABLS 


Gross  Wt  *  S60fi$0  It? 
oV  *  I0,fe»  tW& 


CASE  NO.  6  •  HiUllABLE  IPICK-A-BADE » 

CTZ^'tx/. 

Orest  Wt  *  339,009  lb 
6V  e  10, CCS  fvss« 

CASS  NO.  0  •  REUSABLE  ITANDEMI 


9 ISA  LEVEL  STAOIS 


CASS  NO.  I  *  BEPPNBABLS 


Dress  Wi  •  609,009  lb 
4¥  * 19,900  ?t/tss 

CASS  NO.  8  -  SINGLE  8f  AQS-TO-2RS1T 


<TT 


or®  wt  a  006,000  ib 

iV « ss^oo  ft/i* 


CASS  NO.  4  •  REUSABLE 


Cress  Wt  *  849,000  tb 
4V  s  16,009  ft/m 


Dress  Wt  •  im«X)  Ib 
4V  *  10,900 


Figure  76.  Application  fitudy  Vehicles,  FD  21996  S 

350K  Engines  ; 

t 

(U)  A  single  common  module  was  defined  by  detailed  optimization  pro-  i 

cedurea  for  all  of  the  application  cnees,  A  common  module  was  defined  f 

up  a  basic  engine  power  package  In  which  the  flow  rate  and  chamber  j 


pressure  remained  constant  for  nil  nix  vehicle  applications.  The  high  ! 

pressure  engine  concept  permits  the  some  engine  power  package  to  be 
used  wl tli  nozzle  skirts  of  dlffeient  area  ratio;  each  uklrt  Is  there¬ 
fore  tailored  to  provide  optimum  performance  for  a  specific  appl Ica'.ion 
case.  The  optimum  nozzle  expansion  ratio  varied  considerably  fot  each  jj 

of  the  six  vehicle  cases.  I 

I 

(U)  The  appl icatlonii  atudy  Was  conducted  as  *  continuing  effort  through-  f 

out  the  Program.  Performance  Index  (WK)  values  have  been  updated  as 
new  or  Improved  online  and  englne-vehlc lv  interface  data  became  avail¬ 
able,  Initial  work  was  done  with  high  pressure  engines  having  fixed  I 

regeneratlvely  coohd  exhaust  nozzles,  however,  the  final  Wx  values  § 

(with  the  exception  of  Case  U)  are  for  engines  using  lightweight  two-  ; 

position  nozzles.  The  nozzle  skirt,  is  retruefed  to  reduce  engine  length  . 

and  increase  sea  level  thrust  and  specific  impulse  with  the  two-poaltlon 
nozzle  concept.  Case  4,  because  of  severe  teamster  constraints  and  j 

resulting  low  area  ratio  requirements,  sht—  lightly  better  performance  f 

with  a  fixed  nozzle.  All  other  cases  shew  a  Wx  Improvement  for  th?  > 

lightweight  two-poel  tl«»n  nozzle  concept,  | 


(C)  Tables  XVIII  ami  XIX  provide  the  final  Ux  values  obtained  by  using 

the  common  moduli*.  These  performance  data  ere  based  on  lightweight  | 

two-position  nozzle  engines,  ev,,ept  f or  Case  4,  which  used  a  fixed  nozzle.  1 

The  data  for  the  250K  application  cases  are  summarized  In  table  XVIII  f 

and  tnblo  XIX  is  the  summary  for  the  350K  cases.  An  expansion  ratio  f 

of  250  wap  selected  for  the  basic  250K  module  and  <ii»  expansion  ratio  | 

of  300  was  selected  for  the  350K  module.  Other  pertinent  cngLne  and  ! 

? 

i 

liB  »* 


§ 


engins-vehlcle  interface  data  are  also  shown.  The  application  eases 
requite  a  wide  rengs  of  engine  mixture  ratio  as  shown  by  the  optimum 
values  for  each  case  In  tables  XVZXZ  end  XIX. 

(U)  Further  details  on  this  Application  Study  can  be  found  in  the 
separate  final  report,  APRPL-TR-67-270,  "Applications  Study  for  a 
High  Performance  Cryogenic  Staged-Combuntlon  Rocket  Engine," 
November,  1967. 
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(C)  Table  MX.  Performance  Index  Summary  (350, K  Study) 


rt 


G 


3 


» 


o 

<o 

»  _  !  rt 
«  ©  . 

pi 

in 


o 

n 

rt 

* 

m 

O' 


O' 

» 

rt 

■•© 

M 


X! 

v/ 


w 

at 


8  onM 


©  in 


© 

m 

pi 


© 

* 

<n 

$ 


pi 


© 

©  _  .. 

opus 


*$ 


in 


t?N 


© 

*£} 


»-* 

*A 

lA 


© 

p-. 

tn 


©  »  m  ©  rt 

>}  Nlfi  M  f\ 

rt  *>  -n 
n 


©  © 
p*  in 


m 


in  in 

r* 

rt  rt 

<n 

nri 

4ui  — jA  /j 

>  <  | 

© 

*  * 

9 

\  3) 

<G  &  & 

45  rt  1 

r*4 

© 

SI 

1 

**4  CO 

rt 

on  a* 

o 

rt 

wrt 

»-5 

>n  co  in  rt 

rt  •S’  i  © 
*  pi  sf 

*n| 


rt 

rt 


rt  O 
.  rt 
© 


©  <r  ©  o  Bjrtrtc^o 
o  ooortrtso  *  • 

^  ©pia  •M'*^!5 

«  ,n  -O  to 

i  st  rt 


I 


© 

o 

© 

» 

o 

rt 

rt 


n 

O 

a 


rt  rt  m  © 


O'  O' 

SO  r4 

-l  M 


© 

© 


o 

N 


^  Ft  in  <5 

p< 


OOOrtOrtO© 
rt  rtrt<Nrt«trtrtA* 
rt  rtrt  N't  13N«h 
»  rt  rt  *. 

-45  O' 

rt 


st  rtteoooooes 

so  rtO'^frrtrtrt^t 
A  h  N  O' 


(A  iA 


go  <  ©  Q  rt  rt 

a  V»  4  0  0!' 
©  rt  a  t«4  rt  '  co 
*  *A  *4* 


©  in  © 


»** 


fA  J> 
in 


cO 

f*. 


o> 


© 

&> 


f*4  O 
CM 


<A 


'O  O 
vB  tn 
N 


©  ao  m  © 

i  8^3 

rt 


■  ©  »rt  i 

i  o  o  rt  * 
t  rt  H 


rt 


©  sf  rt 

I  ©  4  4 

4  rt  rt 
rt  rt  rt 
s*  rt 


tv* 

-h  o  CO 

p 

sss 

© 

©  rt  ©  o 

• 

»  ♦  h*» 

©  VO 

cO 

rt  m  rt  M 

CM 

o 

r-* 

rS  co 

rtHNO 

A* 

f-% 

*** 

* 

<20 

*-* 

F-l  •> 

n 

H 

o 

*n 

in 


o 

rt 

rt 


rt 

4*1 

m 


« 

rt 

rt 


rt 

4*< 

rt 


rt 

rt 

45 


U 

0 

u 


121/122 


The  area  ratio  required  far  3503C  vacuum  thrust  using  one  common  set  of  preburner 
turfeopimps ,  and  main  chamber  hardware. 
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SECTION  VI 
wQuititi  IrvuSTIGAXIOH 


a.  INTRODUCTION 

(C)  The  objectives  of  the  cooling  Investigation  wore  to; 

I#  Determine  the  effects  of  main  chamber  gocmetry  on  per¬ 
formance 

2,  Investigate  various  cooling  configurations  and  materials 

3.  Optimize  the  main  chamber  cooling 

4,  Determine  the  effect  of  cooling  on  performance 

5.  Demonstrate  the  feasibility  of  the  two*position  trans¬ 
lating  nozzle  concept  at  the  20  and  100%  thrust  levels 
and  obtain  data  that  could  be  used  in  designing  the 
nozzle  for  the  full-scale  hardware  demonstration, 

B.  SUMMARY  AND  CONCLUSIONS 

l.  Summary 

(C)  Staged- combo st Ice  50,000- lb  thrust  level  hardware  was  designed  incor¬ 
porating  the  current  technology  and  w.,th  features  that  allowed  changing 
the  chamber  dimensions  to  accomplish  the  program  objectives.  Hardware 
fabricated  included  one  cooled  chamber,  nine  uncooled  chamber  graphite 
sets,  one  film-cooled  copper  chamber  liner,  one  contraction  ratio  of 
three  m&ln.  injectors,  and  one  two- position  sheet  metal  nozzle  skirt. 

The  50&  preburner  hardware  and  one  main  injector  and  chamber  available 
from  Contract  \F  04(611)-iu3?2  'ere  also  used, 

(U)  A  total  of  14  successful  staged- combust ion  tests  was  conducted,  Five 
of;  the  tests  were  made  with  the  un cooled  chambers  to  evaluate  the  effect! 
of  chamber  geometry  on  performance .  Nine  of  the  tests  ware  made  with 
a  cooled  copper  wafer  liner  to  optimize  the  main  cooling  flow  at  full 
chamber  pressure  and  determine  the  effect  of  cooling  on  performance. 

The  last  three  cooled,  tests  were  conducted  to  evaluate  the  cwo-posttion 
nozzle  concept, 

(C)  The  50R  two-pogitlcn  nozzle  toils  demonstrated  that  the  concept  can 
provide  the  desired  flow  stabilization  over  the  5;1  throttling  range. 

These  tests  also  provided  design  daU  tn  the  uozzle  loads  that  indicated 
the  translating  system  could  be  a  lightweight  structure.  The  nozzle  was 
satisfactorily  intended  and  retracted  during  rig  operation.  Results 
indicated  that  the  nozzle  could  be  operated  efficiently  in  the  retracted 
position  until  the  engine  had  achieved  the  100%  thrust  conditio ■>,  and  then 
the  secondary  nozzle  extended.  The  data  also  indicated  this  nozzle  con¬ 
figuration  is  more  efficient  than  a  conventional  hell  nozzle  at  those 
lower  operating  presauras. 


(C)  Studies  were  conducted  to  evaluate  various  materials  and  cor figuvat ions 
for  poBgibi-  upc  In  an  advanced  cooled  chatabar,  Hardwares  fabrication 
«£.:*  started  on  one  material  variation  of.  the  present  grooved  wafa t  cooling 
concept  and  two  material  variations  of  a  Riglmesh  wafer  coo]  "enfigu- 
ration. 

2.  Conclusions 

(C)  the  following  conclusions  resulted  from  the  SOX  cooling  investi¬ 
gation  j 

1.  High  combustion  performance  (7?c*  ■=  §8.7%  at  t  s  5.8)  was 
obtained  with  the  24-spraybar  injector,  with  a  13- inch, 
contraction  ratio  of  3,  chamber.  Use  ot  this  clumber 
geometry  for  the  25QK  hardware  performance  demonstration 
tests  was  substantiated, 

2.  Performance  trend  %  from  the  main  chamber  length  tests 
indicate  that  the  length  may  be  reduced  to  11  inches  with 
a  contraction  ratio  of  3  and  the  24-sprsybar  injector 
without  any  measurable  combustion  performance  penalties. 

3.  High  efficiency  was  demonstrated  with  the  optimized  cooled 
main  thrust  chamber.  Vacuum  impulse  efficiency  (fij  ) 
was  equal  to  96,17.  at  an  <njcctor  mixture  ratio  of  6.0 
and  1,977.  coolant  flow. 

4.  Analysis  indicated  Rigimesh  wafer  cooling  may  provide 
cooling  reductions  up  to  45%  tmmpareu  with  the  grooved 
copper  wafers. 

5.  Analysis  indicates  grooved  nickel  wafers  significantly 
reduced  cooling  requirements  in  the  combustion  chamber 
and  divergent  nozzle  sections  relative  to  copper.  The 
higher  strength  and  greater  ductility  of  nickel  promise 
weight  reductions  and  longer  cyclic  life. 

6.  The  cooling  requirements  may  be  reduced  up  to  857.  compared 
with  the  grooved  copper  wafers  by  using  refractory  metals. 
Molybdenum  or  tungsten  alloyed  with  rhenium  appear  to 

be  feasible. 

7.  The  copper  wafer  cooling  flow  requirements  can  be  decreased 
up  to  247.  by  plating  with  a  nickel  or  a  nickel  base  cermet 
thermal  barrier.  The  thermal  barrier  evaluation  test 
(50SC5) ,  using  a  film- cooieri  copper  liner,  demonstrated 
excellent  thermal  shock  characteristics  and  thermal  barrier 
ef fectivuness ,  Additional  effort  is  inquired  to  demonstrate 
that  the  platings  are  consistent  with  the  cyclic  life  require¬ 
ments  , 
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C.  HA REWARD  DESCRIPTION 


(C)  The  h  i  Kfi  chamber  pressure  50K  ground  test  staged -combustion  thrust 
chamber  con  figure  t  Ion  Ls  shown  in  fLgure  77.  The  preburner,  which  is 
mounted  upstream  of  the  m/iln  injector,  is  run  at  9  nominal  mixture  ratio 
of  1.2.  The  pre burner  combustion  products  (nomi'u»Uy  1800*’ Rj  are  exhausted 
across  the  main  Injector  where  additional  liquid  oxygen  is  Inje  to 
Increase  the  overall  mixture  ratio  t<'  a  nominal  6,5.  The  additional 
oxygen  reacts  in  the  miln  chamber  before  the  gases  reach  the  no-axle  throat. 
The  r.ain  chamber  hardware  was  designed  for  both  cooled  and  uncooled  tests. 
The  cooled  main  chamber  uses  die  copper  wafer  configuration  extending 
from  the  Injector  throng'  hroat  to  an  exit  area  ratio  of  4,0.  Pot 

the  uncooled  thrust  cha;  „est.,  replaceable  graphite  parts  are  s>.b- 
scltuteJ  for  the  cooled  cnamber  copper  wafers.  An  uncooled  nozzle  skirt 
extends  from  an  area  ,  lio  oi  4.0  to  90.  'flic  nozzle  skirt  is  contoured 
fo*-  uniform  parallel  exit  flow  nr  an  area  ratio  of  118  ana  is  truncated 
to  90:1.  The  sheet  metal  nozzle  kirt  is  film  cooled  hy  water  dtiung 
transients  to  ami  fiom  test  conditions. 

J7)  TWo  50K  preburner  Injectors  existed  from  the  previous  High  chamber 
Pressure  Staged- Combust  ion  Research  Program.  One  was  o  320-  conrenirli  -• 
element  i  jector  that  was  in  good  testable  condition;  the  other  was  a 
54- concenfcr* : -element  injector  with  riobon  swirl era  that  required  repair, 

(C)  The  320- concent ri c- el emec* t  injector,  which  is  shown  in  figure  78, 
has  liquid  oxygen  Ln  lector  elements  with  an  lns'de  diameter  o*.  0.0'J3  inch 
and  an  1  '?»  ratio  of  79.  Tlie  liquid  oxygen  leaves  the  elements  as  seta  l ' 
diameter  sit  Id  si. roams.  The  fuel  Ls  injected  through  concentric  aenuli 
around  each  of  tie  liquid  oxygen  injection  elements.  The  Injector  < a  re¬ 
place  is  constructed  of  Rigimcah  that  peiiaits  passage  of  about  5V,  of 
total  fuel  flow  for  Injector  face  cooling. 

(C)  Tlie  54-elemen,  preburner  Injector,  which  is  suown  in  figute  79,  w.ts 
repaired  by  lubricating  a  now  center  liquid  oxygen  inje' tion  element 
block  with  tangential  slot  sw icier  elements,  A  cross  section  of  the 
injector  is  shown  in  figure  80.  The  Injection  element  pattern  is  h^x^gonal 
/ith  54  con«v.ttle  injection  eiemints.  The  outermost  elements  on  the 
hexagonal  pattern  are  capered  on  «  2u-degree  angle  to  avoid  liquid  ujoo«n 
l.iipingeirant  oti  the  preburner  chamber  vial  is.  The  change  from  a  ribbon 
awirl st  a  tangential  entry  liquid  oxygen  element  was  made  to  provide 

A  butter  prebirnc-r  temperature  profile  because  oi  net  ter  mixing  associ - 
w'-lh  the  he-llew  liquid  oxygen  spray  cone.  The  ‘.wirier  element  has 
a  length-  to- diameter  ratio  <L ’[>)  oi  1  v.$  and  asloi  width-  to-ori  five 
u  j  .*  r.e T  e-  r  (Mb,  of  0.145,  which  gi.es  .m  included  spray  cors.e  angle  of 
an  toxi  cate!  v  70  degrees. 
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Pre burner  injector 

(U)  Tabid  XX  pitssnnts  a  comparison  «l  the  principal  injector  dianietnr- 
intics  for  the  two  3 OK  preburner  lo|o~tarft  te a t ed  tbu trig  the  High  Chamber 
Pres  nura  Staged- Combust  ion  Reheard,  "'ognim  (AP  06  (61  lj-10372)  ,  and  the 
(UiW  SA-olement  tangential  slot  prebuvnei  *n  lector. 

fU)  The  p re burner  chamber  shell  3;,J  acoustic  liner,  shows',  in  figure  81, 
which  uah  used  during  Use  previous  High  Chamber  Prtssfiure  Staged -Co*  ,s Lira. 
Research  Program  (Contract  AP  06(6LI)-103?2) ,  wan  ueud  for  si  I  the  50K 
testa.  Four  prebv.'rner  dtamber  thermocouple  rakes  wore  located  17  Inches 
Cross  the  preburner  injector  face  to  determine  the  ternpei  ature  profile. 

One  temperature  rake  is  shown  in  figure  82. 

(0)  The  20-  Bp  ray  bur  mats',  injector  assembly  that  was  tested  dur;,.6  the 
previous--  High  Chamber  Pressure  Staged -Combust ton  Research  Program 
(Contract  AF  04(61 1) -10372)  wita  used  for  the  initial  50K  chamber  test, 

This  injector,  which  is  shown  In  figure  82,  ha.'i  20  separate  internal 
liquid  oxygon  supply  manifolds  (a  pray  hart*)  with  the  injector  elements 
brassed  into  the  aprayh  r  bodies,  Kadt  of  tbv  260  liquid  oxygen  injection 
elements  has  a  twisted  ribbon  swlflur  that  (.noses  Hid  liquid  oxygen  to 
be  injected  as  full  spray  cones,  A  cross  section  ol  a  spmybiir  l'»  shown 
in  figure  84,  The  fuel-rich  prebuyner  combustion  gas  in  distributed 
around  the  liquid  oxygen  elements  by  >,  slot  cut  in  trie  Sigimoali  lace- 
plate  that  ’munt't  in  front  ol  the  sprayba  r  assembly.  The  Rlglmeub  te- 
plnte  l«  attached  by  screwa  that  extend  through  to  an  Injector  support 
hackplat" .  Tilts  injector  was  designed  for  use  with  a  thrust  chamber 
with  u  contraction  ratio  of  3,  A  cross  auction  of  the  injector  it*  shown 
in  figure  8j. 
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(C)  Table  XX.  Prebumer  Injector  Characteristics 
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Figure  85.  SDK  Tluuat  Uvcl  20-Sprnybar  Main  FD  12125A 

Burner  Injector  Assembly 

(C)  A  new  50K  tnuiu  spraybar  .irijoetar,  «  cross  section  of  which  Lb  shown 
in  figure  86,  was  designed,  fabricated,  and  tested.  The  upraybac  injector 
configuration  was  chosen  beeuuse  the  liquid  oxygon  carrying  purts  (spray-' 
bars)  of  the  Injector  can  be  separated  from  each  other,  and  from  the 
Rlgtmush  faceplate,  which  operates  In  the  environment  of  the  lot  pre» 
burner  gases ,  Thin  nili>4).  free  dl  fie  run  l  '  thcuftal  expansion  for  long 
thermal  cyclic  life,  pi.ffnrentlal  expansion  has  a  minimum  effect  on 
propellant  Injection  oijean  because  thii  oxygen  inject  ion  elements  fit  into 
radial  slots  on  the  lUgimoBh  faceplate ,  thus  radial  growth  has  s  minimum 
effect  on  the  position  relationship  of  the  demerits  to  the  Rigimesb  slot, 

A  maximum  of  24  sprayhars,  which  are  machined  as  an  integral  part  of  the 
injector  body,  was  dictated  by  mechanical  and  hot  gas  flow  area  eon* 
siderations.  This  Injector  was  designed  to  allow  testing  of  thrust 
chambers  with  a  contract Lon  ratio  of  3, 

(C)  The  liquid  oxygen  Injection  elements  are  uniformly  distributed  along 
th«  spruybar.  Spacing  between  olementB  was  selected  to  provide  hot  gas 
injection  completely  ourround.  •<$  uacli  elemunt  and  to  create  a  uniform 
mixture  ratio  profile  along  fch  oraybar. 

(0)  Dual  tangential  siol-switler  » l  pi  Id  oxygen  Injection  elements,  shown 
la  figure  87,  were  used  in  the  sign,  The  tangential  slot  swlrlcr  elament 
Ls  a  simple,  one-plnce.  mechanical  arrangement  that  piomisus  high  reli¬ 
ability  ,>y  eliminating  the  ribbon  swlrlef  and  provides  a  hollow  spray 
cone  rather  than  a  full  cone,  n  .to!  low  spray  cone  provides  more  react; mi 
surlace  area.  Kaclt  element  has  two  sots  of  tangential  slots  that  are 
independently  supplied.  The  tangential  entry  forces  the  liquid  oxygen 
to  swiil  inside  the  cylindrical  ukmoni  and  provide  a  sol  f-atomi  xml , 
hollow  spray  cone. 
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Figure  8$.  24-Spraybar  50K  Injector  Schematic  FI)  15 901 
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Figure  87.  Dual  Tangential  Slot  Swlrler  FD  16041 

Element  Configuration 

(Cl  The  dual  slot  feature  of  tha  element  alLows  large  liquid  oxygon  flow 
excursions  without  the  large  differential  pressures  required  for  the 
same  flow  excursions  with  a  single  fixed  area  oleent. .  For  example, 
a  100  to  1  pressure  change  Is  required  for  a  10  to  1  flow  variation  with 
a  single  orifice  element.  Tire  primary  *16ts  are  designed  for  a  high  pres¬ 
sure  drop  at  low  flows  and  thus,  flow  rate  becomes  Insensitive  to  chamber 
pressure  oscillations  caused  by  normal  combustion  noise.  As  the  secondary 
flow  passes  the  primary  slots,  which  operate  at  a  higher  pressure  drip, 
there  Is  «  momentum  interchange  to  provide  goad  swirl  atomisation,  A 
total  of  four  liquid  oxygen  supply  manifold  holes  are  provided  in  each 
sptrtybar,  one  primary  and  three  secondary. 
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(C)  The  £■>«!-»  ich  pfs  by  ?!***;•  hot  git  i«  t«  the  se t <>  injecto** 

around  the  cows  of  liquid  oxygen  injection  ’laments  (sprnvbars)  by  slo.s 
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selected  ss  the  Injector  faceplate  material!  because  ”!  its  good  strength 
find  relatively  uniform  porosity,  which  provides  a  purge  of  fuel-rich 
preburner  combustion  products  across  the  injector  face.  This  flow  pre¬ 
vents  unburned  oxygen  In  the  ieciruilated  main  chamber  eo«t»iistl«n  products 
from  touching  the  Injector  face.  The  Rlgimeah  faceplate  is  welded  to  a 
support  structure  made  el  the  same  material.  Tin.*  Rlgimesh  support  structure 
Is  designed  to  allow  free  radial  expansion, 


Figure  88.  Tangential  Entry  LLquid  Oxygen  FD  15994 

Injector  Elements  Shown  in  Rlgimesh 
Injector  Face  Slot 

(G)  The  Rlgimesh  face  fuel  slots  were  tailored  to  give  an  improved  mixture 
ratio  profile.  The  purge  flow  through  the  Rigimosh  was  accounted  foi  in 
the  injector  face  mixture  ratio.  Concentric  bands  were  drawn  across  the 
Injector  face  (figure  89),  and  the  average  mixture  ratio  for  each  con¬ 
centric  hand  was  calculated.  The  a narco  of  fuel  flow  tor  each  band  con¬ 
sisted  of  the  purge  flow  through  the  Rlgimesh  plus  the  fuel  flow  through 
the  fuel  slot  in  the  face.  The  oxygen  flow  consisted  of  the  flow  tit  rough 
Lite  oxygon  elements  included  in  the  width  oj  rhe  concentric  ring.  Because 
of  the  low  fuel  flow  rate  through,  the  Rlgimesh,  (he  calculated  mixture 
ratio  variation  from  hand  to  band  was  small,  except  at  a  diameter  outside 
of  the  outermost  oxygen  element.  The  conv.ent.t1c  band  outside  of  the  outer¬ 
s', net  -  being  at  a  large  radius.  contained  n  latgr  area  and  therefore 

a  larger  amount  of  Rtgimush  fuel  purge  flow.  To  maintain  a  more  unLforr. 
mixture  ratio  piufile  toward  the  outer  diameter  the  fuel  flow  through  tiu- 
outor  concentric  band  was  assigned  to  the  two  outer  oxygen  elements  In 
each  spraybar.  Hie  fuel  slot  width  at  these  two  elenunls  was  made  narrow 
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to  balance  tin*  mixture  ratio  from  Tr.e  i  n  ft  i (i e  of  the  two  outboard  oxygon 


isi£:  merui ,  VI  tC  rut*l  Hi  01  Width 


3 1  t  ^  *,o  *■  |*»>  ^ 

calculated  by  this  method  was  oar  row  at  the  outer  two  oxygen  element* 
tapering  lc  5  <>»  *■  ?*>im  -vluih  «s  die  jbios,  approaches  the  tenter  of  the 

faceplate. 
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Oot*rrao3t  Concentric  Bond 
Cenlkiidne  Oxygen  El#ro?m» 


Figaro  89,  Tailored  Fuel  Slot  FI)  23364 

(C)  Table  XXI  presents  a  comparison  oi  the  principal  injector  character- 
1  tie®  for  the  two  50K  main  injectors  tested  previously  during  the  High 
Chamber  Pressure  Staged .Combust ton  Research  Program  (AF  04(61l)-lC3?2) , 
and  the  new  24» spraybar  main  injector,  The  injector  faces  of  the  two 
previously  tesuc  ,  main  injectois  and  the  new  Injector  face  are  shown 
In  figure  90, 

(C)  The  procedure  used  to  braze  the  swirlor  elements  into  the  main 
injector  housing  was  developed  by  fabricating  typical  sections  of  a 
spvaybat  assembly.  Successful  braze  joints  were  obtained  with  geld- 
niekel  braze  material  in  the  form  of  sh«et  stock  drilled  to  fit:  around 
the  swirler  o laments .  The  use  of  drilled  sheet  stock  alio*,  accurate 
control  of  braze  volume  and  good  braze  mateiial  distribution.  The  surface 
of  the  injector  bousing  in  the  area  near  the  wirier  elements  was  flashed 
wi  tli  nickel  plating  to  assist  braze  flow  toward  the  element. 
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Figure  30*  SOK  Main  Burner  Injector  fenes  9®  IS044A 

<C>  fha  uncooled  main  thrust  chamber  design,  which  in  shown  in  figure  91, 
has  replaceable  graphite  robsIc  thread  and  chamber  liner  aeeticns  thet^ 
p«mit  the  chamber  length  so  fee  varied  with  e  contraction  ratio  of  either 
3  or  S.  fhe  chamber  length  can  fee  varied  Ssoa>  g  to  U  inches  with  one 
a£  the  mel  chaster  t»hoUs  and  enstHtr  shell  permits  variance  from  12 
to  14  irrfUs- •»  -shewn-  in  figure  92*  'She  third  chamber  is  tho  nominal 
18- inch  chamber  used  during  Contract  A?  04(6U}-103?2. 
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figure  f l .  ftkagl** eBrnfesr,  Variable  Qeeestry 
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(U)  The  noasis  throat  insert .  which  is  shewn  In  figure  93,  had 

.“Afti iftg  pss»aaf}S  that  diesuteJ  coolant  {g&at.eus  hydrogen)  to  she  throat 
region  to  redder  nogsts  arc'Uon  during  th*s  startup  ana  anutecsm  pariws, 
WLss.  tost-  conditions  v®re  trashed,  the  coolant  was  m-?*  or  data 
acquisition.  Tht  reduction  in  i.Osslo  throat  arse  y.'oj,*  .  flowed  a  mor® 
accurate  chnractatiptic  velocity  (o*)  determination. 
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figure  93.  50K  Uncoclod  Chamber  Nasals  Insert 
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(U)  The  graphite  ch««nber  liner,  which  is  shown  in  figure  94,  had  radial 
holsjs  drilled  through  from  the  outside  diameter  to  prevent  ovar  pros* 
surieafclon  of  the  graphite. 


«!m  } 

CcaiUa  UH 


Ck<p?&r  IJntf 


OfsEsiHr  Uasi 


Figure  94.  5GH  Uncooled  Chamber  Liner# 
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(G)  k  50K  copper  iiuer,  which  is  eh  own  in  slgv.rs  v4,  vms 

dsaignsd  to  evaluate  Injector  pattern*  snd  tested  with  the  nsw  24-ssprayba? 
main  injector  and  U-lnsh  chars**®?  with  a  esntt&cticm  ratty  of  3,  Tbs  iinsr 
was  electroplated  with  asial  Rtrlpo  of  potential  tharmM  barrier  ssvd  t§^ 
potato?©  indicating  materials,  &»  shown  in  figure  93,  Flvft  thermal  harrlsr 
materials  oi  O.OUMrich  thickness  and  thrss  very  thin  <0,0024- inch  raasUmum 
thickness)  surface  temperature  indicators  we re  evaluated.  Silver  plat® 
over  nickel  was  ssiectsd  because  silvsc  has  a  towsr  melting  temparaiur® 
than  copper  (2219*!  oomparad  to  2440“r).  The  nlt-kal  uarvaa  aa  a  diffusion 
barrier  betwser.  the  gilvur  and  copper  Laboratory  Ceets  with  0.0002- inch 
thickness  of  sold  plot?  op  nickel  indicated  that  *Hftru«iofi  of  gold  «iUo 
fiiekst  occurs  very  rapidly  above  1950“  and  XOQO3?,,  Dluappnar&nc^  ?f  th© 
gold  would  indicate  that  this  temperature  range  was  attained  or  excusded 
during  a  teat,  Th®  copper  and  silver  plate  over  nicks!  would  result  in 
melting  at  the  coppar-ailvsr  eutectic  temperature  of  189?*!,  Again  the 
nicks!  is  a  diffusion  barrier.  A  segment  of  the  liner  was  not  plated 
so  it  could  bs  used  &e  a  re Serenes, 


figure  95,  Main  Chamber  Uncoolsd  Copper  Liner  P5  19168 

(C)  The  56R  cooled  thrust  chamber,  which  is  ehown  In  figures  96  and  97, 
was  designed  with  a  contraction  ratio  of  3  and  a  U-inch  combustion 
chamber  length*,  the  geometry  proposed  for  tne  full-scale  demonstration 
chamber.  This  design  was  based  on  the  grooved  wafer  cooling  concept, 
the  cooled  chamber  was  divided  into  23  coolant  sonea.  Coolant  flow  from 
an  esterier  annular  manifold  was  metered  to  each  son®  by  four  removable 
metering  orifices.  This  flow  enters  a  sons  manifold  and  is  then  dis¬ 
tributed  to  individual  wafer  manifolds  passing  through  the  spiral  groove* 
Into  the  combustion  sshasiber. 


ms  wm  twintt  tututei  tumi  tems-s  &t  * 
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Sri  guy*  9$.  50K  Coded  Main  Chamber  Configuration  fg  ♦ 


Figure  97,  50 X  Contraction  Ratio  of  3,  Cooled  FS  $£5§8 

Chamber 

(U)  The  grooved  wsfer  cooling  concept  is  illustrated  in  figure  98  A 
mathematical  heat  transfer  model  of  the  wafer  cooled  thrust  chamber  was 
developed  to  aid  in  analysing  the  relative  effects  of  various  wafers 
coolant  groove  geometries  *,s  explained  in  detail  late?  m  this  section. 


«ii*  mh  twtt)  Wkrrsi  e»«aa»  s»  *  s*ta«« 
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i»*v*o  a*  u.a.  f*t*s ;««*!*»  <w  **«-£?». 


a®**?,**.-*-; 


vr?^ -^essa^Sc* 


figure  $§.  Malar  Sealing  Qonsept  -  ?t-  i5SSB 


C§)  A  typical  wafer  pla|«  ie  shewn  in  flge£$  §3,  -  incftasiBd  ge$.£$nt 
efficiency  ^ss  attained  eosapasf&4  to  the  ceofiiumfeifen-  »sed  wdrdltt. 
previous  S#-3S0ised  thrust  chamber  jwigtpg  wii»r  t%%  glgh %m&wr  tms~ 
sure  sfs|#4»'^^b»fiS;*?3n  fteeeatsh  frogras*  h*aaU>4  ©r1#.^  Iattlwi.%. design 


Ik-  Cf| »|#e^|@5S  UH-lnsh  thick  iwS|*«4  ef- -i/4*  ijf*tsps 
Sfeie&mee*-  (4ncss4e^^eha^e?  ^g€«it:5f)  ;1  .  "=. 


!  ia  sgi  rai  &&&& 'c60i 

entrance  shglg  *  0,014 /fey  0.014* inch  groove  6§v«r;'f«l(8ttfe- 
,8iOiO  fef  O.OiG^iftfeh  .’  £*  - 

I,  Chs«fe»r  .pees  tty  change,  feess  surface  arsa  as  ®  rerait  .  - 
etcr  decrease  in  eHs»l%  issgth  £?$«  i§  isahet  ss-  tt  inches, 

|§)  i  d^ss?eg|a  in  esnttscfeisn  Mfeie  Iras  §»0  so  3,0  csusm  a  alight 
insreatir  la  she  fcheesstieaUy  required  coolant  flew  for  a  fivsn 
ehftigSi?  length, 

<0)  fhf  s&duetlssn  of  wafer  thickness  fee  1/ife  inch  malts  in  as  iseraaaid 
pOfSHfev  antfeUog  shs  dasign  So  mors  eloaaly  approach  purs  smtfitaMstt 
coaling,  m  sMlysie  a£  thfe  0.014  fey  0.014* inch  soolsai  groove  pattern 
s^afesi  previously  (4?  04(6l;i)"7G3?3)  indicated  that  the  fe$es  transfer 
mtiiliztmt  between  fefea  cools  as  an#  th*  eoppsr  wafer  •coelaafe  fteavbs  was 
esa  «tf  the  aipif leant  re  Ha  lanes*  controlling  wafer  wall  heat  ©sehsafsr 
efficiency.  the  cepp«r  themal  efenduetlvlty  was  so  high  shfit  only  «Hj|hs 
sate  rial,  resistance  was  pmest,  for  the  new  chamber  das  ip,  thd  mist .; 
coolant  groove  else  was  reduced  so  0*010  fey  0,010  inch  to  increase  ths 
heat  transfer  coefficient  between  the  coolant  add  the  groups  fey  insressisg 


;naa  sskwhcs  ^mmst  swnw  Tfrwrr  sv  A  tm&i*'? 

““  •ns-,?««sf8,%«riS'*  *«p 


»»)«SMSM»ISM!3*«PM 


i  -  “  ^  'A  /,  r  CS*l?4^i 


r  -  Lyi‘..  _  -  . 

-tv 


2 


sUs  saynoids  sutafesr,  fhs  number  of 
ft*  high  as  ®soh§ni£®ii5?  praxis®  l  s 
grooves  per  pksa  ytre  used  in  qhn 
oo£?la  steSion4  ?hs  ld#ir  nurah?r  i 
ft  fsinlf&sia  land  thiekasss  baim«n  th 
brass  banding  eho  fifths. 


II?  6fSTi»  in  Chsfgbsr 
ftsai  fr?  5a  Ms®!*  Pis***) 


fi^i?«  ft,  SSI  Cooled  *teUt  0 

(8)  t*ss  eoeUafe  §?eev#s-  atf  sschsd 
*a?*f  pl&*J  «md  lorn  s  iegftrifchi min 
a  essastsns  anj|l«  with  ihs  parp&ruH 
£hs  spiral  path-.  An  *agla  «>f  6  is g 
«sU  in josser  £f$U-.as  shalia^  «s  p 
fils  *8$.  a;  g«*i«css  wall  haci  tflua* 
imtmms  the  gs&lpnfc  greeva  intsm 
QiytfoksWt&g*  SlS  |S»l  p&ttmtl  i 
m  mlnfaln  &  4$ sired  allowable  «a# 
shs  vstflag /fsestr  flmsi  through oar 

mMti  get  $s«  eeoi^i  §h 
fh$_:  praxis  wee  agp 
«&  ons  ehi^t  o|  capp 
Assail  sappr  £©g  she  ieside  iimet 
SMarteg..  ntiUnn  feels  a*  $h«  bead  in, 
ttHiatewifis  o£  MV>m  $M  eh*  ensig*  , 


r  i£ii4*;4is«iger  is- 


(3)  fhs  seeUat  fesedsi?  distribution  was  sontraliad  fey  imt  gharp-ed&ed 
orifices  in  each  e£  23  socss,  ghsrp-fedgft'i  orifices  wars  usod  go  precisely 
sasar  ft?#  ee  each  cans,  Shs  cooled  chamber  wafer  sBcessfely  ms  dacigsad 
ts  use  the  seas  outer  steel  ehtmbsr  r  ^Us  as  for  the  imeeaiee  teste 
replacing  the  graphite  pasts. 

(6)  Tfea  50K  conled  msia  chssber  was  in8?,ju«snt«d  ea  ah own  in  figur®  108. 
The  fchesmeccuplas  vet*  rsdUi-snfcry,  0.010- inch  disaster,  ewepd  thermo® 
couple  wire  in  the  measures  ss  am  spliced  ts  1/16- inch  Itsdeut  wires. 

Tis©  steal i  else  ms  desired  in  eh-*  wseureaaBt  area  go  minimise  the  hsst 
flow  fluid  disturbance;  a  iergvr  else  is  required  sKfcsrnel  to  the 
assembly  feaenuss.  ef  handling  cad  connector  corns  Iterations.  Holes  ware 
drilled  in  the  ehaB&sr  spacer  Slangs  sad  sealed  with  1/ 16™ inch  svegeioeks 
for  tha  thermoccupie  wires,  thfe  ohaabar  tssst  aide  wall  ms  alsstsopletod 
with  e«ial  strips  of  very  thin  1(0, 0024-inch  esial  maximum  thickness) 
surface  temperature  indicster?  feat  will  mli  m  change  color  at  fenewn 
temperatures.  Each  strip  .corresponds  to  a  typical  seeker  of  the  24- 
spraybar  injector  as  i Hub tested  in  figure  tOl. 

<U>  The  pressure  drop  was  assured  across  sefeslag  orifices  in  several 
of  th«  coolant  dUt£i*»dti,or<  eo&ts,  This  allews  the  asset  flow  rate  to  fee 
determined  fog  fee#a  sou**  end  verifies  the  flew  rate  enalycl#  for  ail 
8h®  rones,  The  dt^nmm-etifie®  pressure  was  measured  fey  using  a  hole 
drilled  ms telly  through  £hs  a«§asbiy  fro®  fe@  nosrle  elds, 

(C/  T»o  assisting  ncr&i*  afclvts,  shown  in  figure  102,  with  an  are*  ratio 
M  US  6tuns«t*d  to  f&Wdw  usid  with  the  cooled  sM  unbodied  feambt-ra. 

She  sheet  iitteV  »kirtri««0-:fti# .eddied  by  water  'daring  gcealewfelpn® 
to  end  from  test  conditions .  The  no«*i#  skirt  cooling  .wttir.  is  turned 
off  while  taking  performance  cats.,  The  aeasle  skirts  had  the  inside 
contour  piarew  cprsyad  with  refractory  materiel  to  reduce  the  shirt  tea- 
prefer®  end  reaultsnt  wargep.-  2ach  skirt  had  two  rings  attached  m 
she  outside  dies&ter.  The *®.  rings  prevented  the  skirt  fro®  collapsing 
during  a  tost  aod  also  alidad  the  skive  to  espaftd  freely  when  hot. 

(Cl)  The  design  of  fcha  translating  notsies  for  fes  SOS  test  program  was 
based  on  the  rs^uirtmanfc  for  providing  *  250*  aosSl*  configuration  that 
would  operate  stably  ©vs?  the  5  *o  l  fersieltng  rang-,  She  conventions! 
hell  nossle  design  would  iaparfit©  at  the  «ff=-dasl$n  operation  and  cause 
severe  side  loading  in  the  nestle*  To  eliminate  the  side  leading, 
#tehUi«ftti«a  ef  fet  priory  Slew  stress  over  the  5  to  l  threttling  rang® 
was  nculred, .  Marly  teste  were  conducted  sa  scaled  sodsls  to  astafelieh 
a  confiauratinn  that  would  provide  the- desired  flaw  stabilise ti«s».  la 
a  Series  eg  cold  flows  ini  hst  flow  lists,  it  was  estafelished  feet  a 
^ntiiite-i  nesslo,  which  introduces  staonder;’  ai?5'iw  at  a  l\h#  area  ratio, 
would  sites#  atifeit  $&mm  over  fee  5  to  1  ferattUng  r^age,  The 
0sac»Saty  «irftew/^as  e^feieed  fey  eeparvfclRg  ©  ball,  nossle  icto  a  front 
miftui  sestiog-  andiiia^^tCng  fee  is»i.  ■sectiia  of-  fee  aosai#  forward 
(toward  fee-  throat)  feus  cresting,  an  opening.  fe«Kife  ^ich  sir  could  pass. 

hardware-'^®'  desired-  ^‘Vfaihfeae^dhielt  this  nestle  «»* 
so^litisae  feit. .  sleety  ■g.iia.lttil-  ;?$S£.  *t*g»d-  cafeustisn 
operation  e?4  erevids  tha.  dsslf^  dels  fees  seuld  fee  used  in  fee.  2S0& 


tHOJCATOK  T8M1PERATUR1W 

0  6^4  Slim  @*  Nkk*l  194? 

8)  0«W  «®  Hktel  9* 6  •  S»*<s 

®  dftw  <w  NUS»  ttl® 

{<p  GagfiSf  fa*  g*i&8$ 


figure  101.  Surface  feaper&ture  Plating  ?B  19061 

indications  for  50K  Cooled 
Chamber 


figure  102,  50fc,  Ar«a  Ratio  SO*  Up.cooled  FS  5992ft 
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(C)  A  cassiisiss  psyiesd  contour  50s  nossle  was  fabricated,  which  hsd  s 
60:  i  awe  ratio,  with  a  pclsary  neagie  sh«t  attached  to  the  transpiration* 
cooled  chamber  at  an  area  ratio  of  5  and  extended  to  an  area  ratio  of  20. 
the  translating  Secondary  nogsle  started  at  an  area  ratio  of  20  and 
extended  to  an  area  ratio  of  60,  To  expedite  the  procurement  and  reduce 
the  cast  of  the  program*  these  nosaies  were  fabricated  from  sheet  metal 
with  a  sireonium  oxide  coating,  A  vator  manifold  at  the  area  ratio  of 
5  and  20  provided  water  fi*m  coding  during  transients  to  the  data  point 
as  shown  in  figures  103  and  106. 

<U)  A  translating  ayaeea  was  provided  to  drive  the  nosale  op*n  and  closed 
during  test  operation.  The  translation  was  accomplished  fey  driving  a  ring 
gear  from  which  four  synchronised  jackscrews  translated  the  secondary 
noBsla,  as  shown  in  figure  105,  fns  translating  system  in  this  configu* 
ration  was  a  preliminary  design  to  expedite  procurement.  In  each  jack- 
screw,  an  inatuuraented  spool  was  incorporated  as  shown  in  figure  106 
to  permit  measuring  the  loads  in  the  noaale  during  all  phases  of  rig 
operation. 

(U)  Heat  crazier  and  material  studies  were  conducted  to  investigate 
advanced  cooling  concepts  and  el  to react vs  materials.  Promising  concepts 
and  materials  ware  selected  for  testing. 


Figure  103.  Primary  Hossle  With  Are*  Ratio 
of  4.75  to  20  Showing  Cooling 
Water  Holes 
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Figure  104,  SOSt  StansiatsfeU  Kosels  In  Open 
Position  Mounted  in  Assembly 
and  Transportation  Fixture 

B.  »St  FSOGBAM  MB  US?  ggSULTS 

1.  Introduction 

CL1)  testing  of  S0,0£HMb  thrust  uncooled  end  cooled  ataned-cembustien 
hardware  we*  conducted  on  the  5-20  pressure- fed  test  facility  to  determine 
the  followings 

1*  Influence  of  chamber  dimensions  on  performance 

2,  Blgh.  pressure  cooling  Halts 

3.  Effects  of  cooling  on  performance, 

(C)  fha  tests  were  performed  over  the  injector  mixture  ratio  range  from 
3t0  to  7.5.  The  staged- coobust ion  test  configuration  is  shown  in  fig¬ 
ure  77. 

(£d)  Uncooied  tests  with  a  graphite  liner  and  nostle  threat  section  were 
required  to  dete sains  chamber  geometry  effects  on  performance,  because 
the  data  would  he  impaired  by  the  coolant  and  its  associated  performance 
losses, 

CdhJS*  sxistisg  20- a pray bar  mala  injector  and  18- inch  combustion  chamber 
hardware  with  «  contraction  ratio  of  S  was  tested  initially  to  re-establish 
test  pssctdures  and  provide  SaseeUns  parfcsrc&rice.  teats  were  then  con¬ 
ducted  with  the  am  24-epeeybar  injects?  and  the  am  13-inch  combustion 
chsss&ft?  with  a  ccfttsaction  ratio  of  3*  which  was  the  c hasher  geometry 
proposed  for  the  full-seal*  as in  chamber  Additional  tests  of  the  new 
injector  and  oontraefis®  ratio  of  3  chamber  were  conducted  at  8-  and 
U-iash  chamber  lengths.  All  testa  were  performed  at  a  nominal  Injector 
mixture  ratio  of  6.0. 


<$)  A  total  oi  Siva,  cossplsr.eiy  eueeifefe^  aaecwlaci  » %  & m%&&  »w 
seats  mu  eoadueoed,  glgh  ^etfom-sac©  «&§  with  the  2'4«eg*tayfc&r 

injector  aftd  a  13*  lash  chamber  with  A  cenitseHea  ratio  of  3  and  us© 
of  this  chamber  gsossuy  an&  injection  3*&iga  fer  the  SaH-*ee«te  hardware 
{serforaanc®  dessana  station  feast®  vaelfisd.  Shutitceeilatie  waloeity 
efficiency  ^5?-^)  was  $3.7%  afe  an  i»|«ct©?  slnSuriii  rati*  of  5.8,  Fev- 
fomsna®  Stands  a>ith  cHs®&«p  leagfefe,  which  are  eisio^  in  fi.pt®  107, 
indicate  that  the  iength  my  b®  rsaaesd  to  Si  lathe®  without  any  mss- 
urabie  jjetfemsnos  fCanltiag, 


Figure  1&3.  Starting  and  Optimixcd  Coolant  Mass  Flu* 


(C)  the  SOX  two* position  noggle  tests  demonstrated  that  the  concept  can 
provide  the  desired  £iov  stabilisation  owr  £h«  5*1  thrcttl ing  range, 
test  dace  aieo  eheweu  chat  noifis  side  loads  wars  lew  <!ss-,  than  ?.00  ibf), 
which  Indicated  that  the  25QX  translating  ssechanibu  could  be  designed 
as  a  lightweight  structure.  The  nosale  wag  satisfactorily  translated 
closed  and  open  during  rig  operation.  Besults  Indicated  that  the  nestis 
could  be  operated  efficiently  In  the  open  position  until  the  engine  had 
achieved  the  100%  thrust  condition,  and  then  the  secondary  noasle  closed. 
The  data  also  indicated  that  at  these  lower  operating  pressures,  this 
noasle  configuration  la  more  efficient  than  a  conventional  bell  nossle 
as  shown  in  figure  109. 

(C)  Vibration  levels  were  low  and  the  condition  of  all  pacts  remained 
good. 


(Test  He.  56H3C) 

JU  Co®  bug  Sion  fisrCotewnet 

(U)  Susasari.es  of  sgeaaursd  and  calculated  performance  t*at  data  for  the 
SDK  staged* combustion  ttste  are  shown  in  tables  XXXI  and  XXXXX.  Far- 
fortunes  is  compared  to  Shaoratical  one  -  d  issens  ions  l  isentropic  equilibrium 
valuta  ae  shown  in  figure  iiO,  The  characteristic  velocity  efficiency 
4fsl«w«  apply  to  th@  propellant  passing  through  the  chamber  throat;  however, 
th'o  vscuua  Impulse  and  vacuum  thrust  coefficient  efficiencies  are  bsse~ 
on  all  ths  propellant  flow  passing  through  the  engine.  For  uncooled  tests, 
ail  propellant  passes  through  the  chamber  throat;  end  during  cooled  chamber 
tests,  some  of  ths  transpiration  coolant  is  injected  downstream  of  the 
throat.  These  data  e\'«  shown  both  uncotrscted  and  corrected  for  nitrogen 
contaminations  aerodynamic  throat  area,  nossle  heat  loss,  sad  chamber 
heat  loss  of  the  uncooled  chamber  tests. 


:>r 

V- 


iy-jyV 

/•. 

w 

1® 


■X>- 


■■ 

.  :  -:-i 


SI 


Utt  I 

\IU  I 
m  -  i 


Is  1 1  *  *  *  »  «  ®  <  1  *  *1  ~  *!  *,  “ 

Ill  t**i*  s  us«njf 


*1  SSS  3  BBSS  8  8  S  S 

P?  in  2  8  2  2  3  3  2  8  2  22 


ill*  .  S3 L8.88.fi  i 


SSliS  § 

ft  4  4  **  ti  r  <  *  o  »-  tt  i*  v  ill 

nm  $  uf*smj 

«3  «£«»*»  *  ^ 


1  8  2  £  5  2  S  8  I  2  1 1  i  If 


B2S£S  2  8225223 


hssss  s  ninWi  itf1  s*u§  £  iiiims 


^  #  *•  «  **  **  <*  •;  4  «  *[  *,  *  * 

='??*!  S  ?  *  t  *  f  3  S  2 


2  s  £  5  s  *  Ss?9illg 


ilin  i  iiiiiil! 

Mill  i  s  £  1  i  i  I  !  ! 


a* 

•>,3**-*  «•*•«♦* 

s  §  2  £  i  2  *  i  i 


H  !  !  c 


+  *•*-*>  rm 

am  t  sMisiiss 


him 


5 sin  2 


UUI  $  fjU 

8  a  S  R  a  R  MS 


Mt\  3  113  33  31  3 


Sit  IS  I  HilliH 


HIM  1  iiiilli 


mu  i  1 1 1 s h s i  i 


I  i 


mu\ 


•  «  rt  4  «  H  «**«»*#**: 


i  illliilit? 

«3  3  3  3  «*  *•*•**.*#»<**»*•**■■ 


imy  i  ttllUU 


if i5s  i  mmii 


3 


M  !lflli 


9  *.  *  *•  tm  ♦  *<***.  rf  I 

si  e  I  d  d  a  a  i  s  s’  e  *  s  % 


!!ii2  5  IS52SS?!*  | 

1  5  *:  * 


II  s 

1;|| 


S  S  £.  $'■$= 


v.L 


i 

JU  \ 


I  s||  I 
; 


Ui  1 

Is 


|||ij  * 

Ll  I 


iff!  iiiu 


Bill* 


I  I  9  i  i  %  I  i  I|  t|l|||  &  1. 1  *  i 


Ml 


-4  <  #*’  S 

3  |2  ^  as 


1  5  *  v  .  *{  *?**?*  ^rl^nf  I* 

i  i‘  *  ?  *  s  $  1  $  f  . . 


*1  «  *  *•  *Z  *  *  »  |* 

*  *  *  s  4  *  I!  I|* 


i  msifii 


s  its  S  R  §-$  §| 


*  -«£-  M  #  ■** 


8*4*8--  S  -H  Si  **-**? 


SSJif 

#  *  <*  ®1  IK 


^  ^  «t  *8  ^ -  *5  I.  4? 

SSJ  I  US5*CU  IJjj 


|  j;b|»  -y^wi 

-.<  V«J3 

I  1  f .  i  ;  -  ; 

i  !i  ?  |  <4 

s  3  s  *  s  «  4  s  |  "  *s|,4[’?  1  |  K-V.r£?  '# 


*  3  3  .1  y  *  SS  S  ef‘15'  I  ,f  *  V.S  *  * 

2  4  i  2  fc*  4  5  *'  *  T; 

1  .  .-  - 

.  -;  -  .1  •• 
f  **■=»••* 51 ;;  ,g|,  5  . 

»  * s -i* > f S3  !u|  !:  isns. 
i  sp.  •«’« i -f?| . ; f  itttt 
' faet^ 

i  ■f5- 

.  ;  pflil’j;  I  Ilf* 

i  i  i  I  x  1 1  iillfe-  - 1  ■■ - . 

I  I I  I  S  I  lf  !  4||J,  I  I  !  ]  |  2 

u  3  <5  s  ,«s  «i  g  2  j  Jil^4  l  *  ■ 

.|Ii!^I!!|lilp:l 


«  ^asas^fJ 

>*  -  »i  <»  <S  {  *  «4a-« 


v*  Tt-  ^  n 


•*  ta  -«» 

'  l 


?  1 1 1  s  j  1 1 1 1 

•}  n  •»  =Mr  J  n-  nl 
|  3  I  ?  s-1;  !  5  =tr  ' 

a;!ii#!i3j 

\  '  ;-  ;-.^K 

-  t-  n  *5  ‘ 


■?.  -3^?  v-: 


4  - 


*  S  ?  a  S,  2  4  s  m 

.ft  ',^'4'fl  H  i4"  «  w-*|j 


ifl  I?-; 

iii  1- 


.S  .SrSfJ-.S-fe-.-S4 


■“'i# 


W-t; 

I-  -  ^  * 


mt  «v. 

if4,|r 


-rl?  a  g 
-  it&hmrr 
ntim-f 


2.  Aerodynamic  Bessie  Expansion 

**  Divergence 

bv  Skin  friction  and  other  boundary  layer  effects 

e,  Imperfect  contour. 

Analytical  models  hays  been  used  to  correlate  the  5G&  test  data  to 
dsfcefsaite*  the  sources  and  nature  of  the  performance  lessee,  these  ®r® 
discussed  in  Appendix  XV,  the  apparent  magnitude  and  sources  of  the 
50K  parforsanee  losses  are  shown  in  figure  112,  the  present  injector 
configuration  provides  excellent  atomisation  of  the  liquid  oxygen. 

Incomplete  atomisation,  vaporisation,  and  total  enthalpy  release  do 
not  appear  to  be  performance  limiting  factors  for  chamber  lengths  of 
11  inches  or  more,  as  shown  in  figure  102,  the  injector  mixture  ratio 
profile  appears  not  only  to  be  the  major  factor  in  combustion  (c*)  per¬ 
formance  loss  bu£,  in  addition,  contributes  to  thrust  coefficient  (Cp) 
loss. 

3,  Unoooied  lasting 

(U)  She  main  chamber  used  in  uncooled  testing  is  shown  in  figure  91. 
fhia  chamber  can  be  modified  to  change  chamber  length  and  diameter, 

(V)  Five  uncooled  tests,  wer^  conducted  to. establish  starting  and  operational 
sequences,  to  determine  the  effect  of  ctmsbsr  length,  and  contraction  ratio 
on  performance  and  to  writy  predicttid  performance  levels. 

(C)  Initial  run  attempts  wereasde  with  a  54-el ament,  preburner  injector, 
Prefeurner  combustion  lew- frequency  chugging  was  «r.countered  during  stat^ 
and  required  replacement  of  tea  54-eieaent  preburner  injector  with  the 
320-elesant  unit.  Ihe  chugging  problem  was  attributed  to  an  instability 
of  the  tangential  slot  swtrjer  liquid  oxygen  injection  elements  because 
of  an  exsaaiivfiy  low  pressure  drop  through  the  element  and  tee  resultant 
high  sensitivity  of  tee  Injection  flow  to  minor  fluctuations  in  tee  psa- 
burner  tether  (treasure*.  Ho  further  prebleus  were  encountered  after 
changing  to  tee  320* eluant  unit  shewn  previously  in  figure  82,  All  of  -, . 
she  uncooled  and.  cooled  teste  ward  conducted  with  this  320- el  assent  pre- 
burner  injector  and  tea  a  tagsdi- ssisbiis t ion  thrust  chamber  conf%Cfati#i 
shown  previously  in  Hg&mjf.  -the  first'  two  testa-  (50SCS  and  ${^C2> 
were  conducted  with  s  20-spreybef  .main  injector ,  ig-ineh  ehasfee?  issgth, 
and  a  con  tract  lor,  ratio  of  S,  fhe  subsaquaot  terse  ma  ->iest  imt,9 
C5S503  through  30SG5)  ware  conducted  with  a  24-apreyber  ssain  injector; 

13“ i  S- ,  and  U-iaeh  chamber  lengths,  respectively,  awl  a  contraction 
retie  of  3, 


newSfcpsUns  *tv 


frahb  i&$mka  U» 


1 &  M 


figure  U2»  Ssyfgii  ot  ftiffomsfia-'e  te^ssfc 
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1G)  h  CPspriiiHi  ol  she  10*  4<*d  latest  «*aift  injector  after  the 
uncooltd  i«»|»  is  sh©sm  ifi  flitaf#  Hi*  the  citroet  plating  on  the 
M-sprAyhar  iftJefVOf  £i§is»$«  im*  sotoed  netieoably  hi«e  during  test 
10165  etw»n  the  Uyastef  hPi  p#  gwttftsfe  drop  approached 

s#?0  during  tfi#  shai&iyfs  i5n»*vj*ieei-  the  ifpps ranee  changed  mi? 
slightly  during  lisg  t«M®,  f&g  M-eprapar  injector  after 

tH*  ggOlM  m&  ftfgspa$ift*?a  test  series  i*  ahiSeMi  in  figure  114, 

U$$ti§!$4  graph ita  mi&  m^4  4«fis§  i»?u<  S0§«1  through  50SC4, 

the  fil§«#Mgbd  tspef  Us?r  w*»  saeteUed  for  test  S8SC5.  the 

seflfdf  ISfWF  m$  W  tie?  m%n  Is jester  ehstaher  «*U  «»* 

Sorties  ptierf*  m  fie  t*«^f  iisei,  prior  to  preeeedfhg  «Uh  th#  cooled 
Is  *#nUfefcs  £pM«l#i  harrier  sattrieU 


-mm  iiHim  tot  m* 

{ fMtumHUa*,  \ 
*i¥gU»i«4}  ft*3  w 
\#f»  ts 

pi#|{/^»  #$ 

fN  stein  t.bg$k&i  S4i  ». 
Mt?»t  pi-Hisg  **h 


«£#&  tSSfilHFlIy  4^  teUtiis*  ihersfesl  harrier 
ffs$$fd*#*e  Msdlgafisg  mm  alto 

m%% #$m  *f*  ih  f  If  or#  ill  sad  the  result* 

Ilf,  ##  p*g*  alffefi  a&d  »wf  plstln&i 
«&$$  0Nt|iilP  gad  th#  etreoniw*  said# 

<i|«f|ft(  Ivetas  I  tutmdf  eapahiUly,  further 
^rs.s?#’  sppsre  fronted,  Hoover  t  because 
U  Utf  *■*£»! the  alumina  sg4d# 
a  tn#  >ai  tat  I*  scale  hardware  §*c-mw 


ip#  £j$Iis  iiie  $$t  m  mufte*  H  isrssfgtety  te*itn§, 

0?)  ftiseoshcnH  sHcf  | m%$*  ?fw  p?eN*nor  ®i*t«re  tatio  wt#  «o«* 

ei.  0,  li  £f#d*s4i®  $  hi#?  ps  dlsffiofg*  ftf^ateAi  t^geratuftt  H 
Ut0^U  ifee  i&sio  Mmm*  fhf  end  seppi  nei%i*  thteaSe  «et«> 

$m\&i  4$nm  %U.mim$  i&wiiim*  fei  u««00ieo  dariisg 

the  stMfdy-Htst#  ififa  psfisd.  fee  sK«n  **$#i  namU  skirt 

(CMMOsioft  faiio  |0>  c^isl  ^ier-rfii»*fO?ilcd  dnrlog  «rao«i«®t  ««m» 
dittos,  hwf  unsooltd  defies  the  *tesdf*stat4'  dsfes  4C^uUitfon  period* 
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Figu se  113.  Halt*  Injectors  After  the  Uncooled 
Test  Series 


PD  20086 


Figure  114,  24-Spraybar  Injects?,  Post-Test  FE  68097 

Ho.  S0N3C 
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Figure  115.  FU»- Cooled  Copper  Liner  Wall  Sroeioa  Pattern!®  (Foat- 
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(U)  Ssfeis  ,  Petsatial  Tfesrssl  Serfier  and  Tessa  ratura 
Sensitive  Materials  test  Evaluation 
(Test  Ho,  50SC5) 


The res 1  Barriers  (O.OlO-lneh  thickness) 

Therms!  Shock  thermal  Battler  Coseents 
Capability  Effectiveness 


i.  Certaats  (nickel  base) 


a.  Aluminum  Oxide 

Excellent 

Good 

— 

b<  Zirconium  Oxide 

Excellent 

Very  good 

— 

2,  Nickel 

Excellent 

Good 

— 

3*  Tungsten-Cobalt 

we* 

Foor 

Incomplete 

plating 

achieved 

4.  Chromium 

— 

— 

Toot  plating 
achieved 

Temperature  Sensitive  Haeeri&la  (0.0002-  to  0.0010* Inch  Thickness) 

(G.OlO-Xnch  Nicks!  Ease) 


Predicted 
Indicating 
Temperature,  *R 

Theraai  Shock 
Capability 

Comments  . 

0 

1.  Silver 

2220 

Excellent 

Well  defined  ®eit 

2.  Silver-Copper 

1897 

Coed 

Sosas  blistering, 
well  defined 
melt 

3.  Cold 

1950-2000 

Excellent 

Weil  defined 
diffusion  line 

4.  Cooled  Testing 

(0)  A  total  of  nine  completely  successful  cooled  chamber  tests  vs a  con¬ 
ducted.  Tfe®  objective  of  the  first  six  tests,  50SC1G  through  50SC7C, 
was  to  opt lairs  the  chamber  cooling  for  the  selected  gaosetry  of  13- inch 
chamber  length  and  contraction  ratio  of  3  and  determine  the  effects  of 
cooling  on  performance*  The  objective  of  the  21ml  three  company- funded 
cooled  tests  was  to  evaluate  a  two* position  noasie. 

Co)  The  #*»a  rig  as  used  for  the  uncooled  tests,  shown  in  figure  77,  wee 
used  fox  the  cooled  testa  by  replacing  the  uncooled  sain  chamber  graphite 
lisa;  parts  with  the  trana^iration  cooled  copper  wafer  liner  (figure  116). 
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Injects  Ms 4 


KesJ*  gad 


figure  life,  5QK  Cooled  Chamber  Pretost  Condition  FD  20088 

(U)  The  cooled  chamber  liner  was  GN2  flow  calibrated  prior  to  the  testing 
and  the  metering  orifices  were  sized  to  provide  a  coolant  mass  flux  dis¬ 
tribution  close  to  the  predicted  requirements.  The  predicted  require¬ 
ments  were  based  on  the  results  from  the  analytical  heat  transfer  model 
and  on  the  results  from  prior  SOU  cooled  testing,  and  are  shown  in  fig¬ 
ure  117.  Each  zone  was  flow  checked  after  the  orifices  were  sized  to 
verify  the  orifice  size  and  flow  calculations. 

(C)  Curing  this  series  of  cooled  tests,  no  changes  were  made  to  the 
hardware  other  than  orifice  size  changes  required  to  change  the  coolant 
distribution,  and  the  replacement  of  the  90:1  expansion  ratio  fixed 
nozzle  with  the  60:1  expansion  ratio  two-position  nozzle.  The  first 
cooled  tent  was  conducted  with  a  main  chamber  pressure  of  2600  psia  to 
ensure  that  all  areas  of  the  transpiration  cooled  liner  ins Ida  diameter 
were  adequately  cooled.  Tests  50SS3C  through  5Q3G7C  were  conducted  at 
the  design  chamber  pressure  of  3000  psia.  The  coolant  distribution 
was  progressively  changed  and  the  total  coolant  flow  was  reduced. 

(U)  Che  progression  of  »:h?  e  changes  ia  shown  in  figures  118,  119,  and 

120. 

(C)  The  condition  c £  all  parts  t?ae  good  after  testing.  The  temperature 
indicating  coatings,  the  locations  >£,,vhieh  were  shewn  previously  in 
figure  101,  indicated  the  areas  of  the  'chamber  inner  surface  that  reached 
temperatures  between  1SOG0  and  2440*R  during. each  test. 


7x<*  sn«s  e®*»****  sue<i*T  wrem  tori***  bv  *  «***',« 
nmm  swk  &  mttptms  "«ecu*rry  witiawsetw  ws*?r' 
mess  «y  *.*.  eweswesHwa*  «r  miqsh*.  ~ 


Transpiration  Cooling  Flo*  -  Distribution 


wW***^,'*}  *  faS*MpllU*4il$iii»*  ^rj»-<  In  «/{)  *««»  l%t«l6{  t&M  V,rt‘V„».»  n  .vA*}.,-*  tt»* 

tran»»lr*cicn  Cooling  FIuk  -  MstriSmCiorv  3 


CC)  The  chamber  inside  sit r lace  temperatures  were,  putted  on  coolant  mass 
£1 us- surface  temperature  curves  for  the  particular  u  arabsr  locations  and 
curves,  the  slopes  of  which  were  predicted  by  thi  uralytrcal  heat  transfer 
model,  were  virawn-  through  the  faints.  This  enabled  a  new  coolant  mass 
flux  to  be  determined  for  a  desired  surface  temperature .  Minor  melting 
of  the  a  liver- copper  costing  occurred  in  Zone  2»  after  teat  5QSC2U.  Hsu 
chamber  was  tv.  -or  t  ficed  after  test  508C3C  with  flow  slightly  increased 
in  Zenos  i  and  2.  Sosae  further  indication  In  else  silver* copper  band 
occurred  In  Zones  3  through  10  during  test  30SC7C,  as  shown  in  figure  121. 


Figure  121.  50K  Cooled  Chamber,  Fost-Teat  FS  2U087A 

50SC7C,  3  O'clock  Position 

(C)  Figure  122  shows  the  condition  of  the  throat  after  test  50SC7C,  One 
snuil#  area  of  tise  throat  was  damaged  by  local  melting  because  of  marginal 
throat  cooling  flow  during  the  minimum 'cooling  flow  test.  Some  separation 
between  several  wafers  was  evident  after  tost  50SC3G,  hut  no  discernible 
Increase  in  plate  separation  occurred  during  subsequent  tests.  The  sep¬ 
arations  are  thought  to  be  closed  during  testing  when  surface  temperature 
Is  high. 

(C)  The  chamber  coolant  orifices  were  changed  a  second  time  (distribution  3) 
prior  to  the  two-position  nozzle  tests.  All  of  the  temperature  indicating 
coatings  detected  higher  than  desired  temperatures  in  Zones  5  through  10 
during  test  SONIC.  Because  the  coolant  distribution  was  marginal  in 
adequately  cooling  these  zones,  coolant  pressure  drop  could  not  be  reduced 
after  test  5CN1C;  however,  coolant  flow  reduction  would  have  been  possible 
in  the  convergent  and  divergent  nozzle.  No  high  temperature  indications 
were  visible  after  tests  50N2C  and  50N3C. 


3 

Zones  1  through  10  comprise  the  cylindrical  combustion  chamber,  li 
through  17  the  convergent  nozzle,  and  18  through  23  the  divergent 
nozzle, 

367 

TKitt  Mat  cotutAmt  ftusMtcr  mattc*  «****&»  »y  a  treater 
OH©®*  WS VH  ft  6?00;rtlKG  ‘ftffCttfttTV  !**»**?* 
ifttujts  av  u.f.  toK»rcttmt«£ft  mt**?*. 


Figure  122,  Closeup  of  fhroafc,  Post- fast  50SC7C  FD  2G0S9A  f 

I  ? 

flll)  Vibration  levels  on  all  testa  were  low  with  the  only  significant  \ 

level  of  vibration  occurring  during  ths  see&ieraticn  transients,  Pig'*  j 

ure  123  shows  the  vibration  traces  for  tests  50SC3C  and  50SC7S  m£  the  \ 

sme  type  of  vibration  data  for  g  production  ELIO  engine.  I 

| 

(C)  Valid  cooled  chamber  internal  wall  tear*  »ture  readings  £rm  the  j 

0.010- inch  digester  ehromel-slyasi  thera©ct..,iie8  were  net  obtained  f  -  . ; 

uecauae  qf  iaabiiity  to  botfce^the  thermocouple  in  the  eloped  hole  and 
the  Iragiie-imtiure  of^  tiie  wl rc*  that  vex &  broken  or  shorted  during 
Installation  and  testing.  4-"'-' 

5..  ^p-Po«ltioh  Hpggie  fasting. 

{£)  The  two- position  nqsstie  consists  of  a  stationary  prisary  (tK  *  20) 
and:  a  movable  secondary  no sale  (i%  *»  60)  .  the  secondary  would  bs,  in  the 
retracted  (qpen)^  position  at  low  altitude  and  the  eafcsaded  (closed)  _ 

^sition  at  high  altitude.  Par  ground  testing  the  nosrie  was  estendea 
t\3  the  high  attitude  position  at  full  thrust  oriy  to  minimi sv  side  leads 
ah&  heating  that  would  result  from  exJwust  separation  at  lower  (s*a  level) 
prwure  ratios. 


•With  reference 


tn  jssraitiing  airflow  into  the  secondary. 
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until  a  pressure  ,rati<  of  approximately  70  was  attains#,  Tho  wsi^r  was 
Chen  shut  off  for  the  next  part  of  the  acceleration  tTsn^tan?;  sod  turned 


on  during  the  final  part  of  the  aeceie ration  transient  te  full  thrust,- 
the  nozzle  was  in  the  full  open  position  for  the  start  mq usnee  nf  tha 
rig  and  was  translated  closed  in  0.8  sa-eiid  after  the  cooling  waMsr 
turned  off  and  Che  rig  operated  at  2650  psls  chsRfcsf  pressure.  *hs  nos»ls» 
remained  in  the  closed  position  with  the  cooling  w&txr  on  and  then  trams* 
iateo  to  the  maximum  o|>an  poaition  in  0.9  second  while  the  cooling  w*tar 
was  off  and  the  rig  operated  at  255C  paies  chaatrer  pressure.  After  the 
nozzle  was  full  open,  Ihe  water  wa<  turned  on  and  the  rig  was  shut  down. 

In  this  test,  reattachsent  of  the  primary  stream  to  the  secondary  nozzle 
wall  was  not  noted  until  the  nozzle  started  to  translate  closed,  at  which 
time  the  rig  was  operating  at  a  pressure  ratio  of  i?$,  Ihe  calibrated 
load  cells  indicated  that  the  maximum  side  load  was  only  270  lb.  Hozsle 
w<*',  1  temperatures  were  considerably  leader  than  ..ad  hson  predicted,  A 
post- test  review  of  the  data  indicated  that  th3  cooling  water  had  failed 
to  cut  off  completely  because  of  an  improper  plumbing  hook-up.  This 
was  corrected  to  prevent  recurrence  during  the  remaining  tests. 


(C)  In  teat  50H2C,  the  C'oling  water  was  turned  so  for  a  total  of 
1.5  seconds.  The  rig  was  started  with  the  two- position  nozzle  in  the 
open  position  and  translated  closed  in  0.8  second  when  the  rig  reached 
2850  psia  chamber  pressure.  The  cooling  water  was  turned  on  and  the 
nozzle  returned  to  the  open  position  in  0.9  second,  than  the  cooling 
water  was  turned  off  and  the  rig  shut  down.  Reattachment  pressure  ratio 
data,  wail  temperature,  and  side  load  data,  all  indicated  agreement 
with  the  data  from  the  first  test. 


(C)  Test  50H3C  wa»  tun  entirely  with  the  cooling  water  off  to  both  the 
primary  and  secondary  nozzle.  The  rig  was  started  with  the  two- position 
nozzle  In  the  full  open  position.  After  the  acceleration  transient  was 
completed,  the  nozzle  was  translated  to  the  full  closed  position  in 
0.CS  second  while  the  rig  operated  at  approximately  2500  psia  chamber 
pressure.  After  operating  at  steady- state  for  approximately  0.5  second, 
the  nozzle  was  translated  to  the  full  open  poaition  in  0.75  second  and 
then  the  rig  was  shut  down,  Bata  obtained  during  this  test  were  in  good 
agreement  with  the  data  fro®  the  two  previous  successful  cents.  Tire 
maximum  side  load  measured  with  the  calibrated  load  cells  was  275  lb 
as  shown  in  ' ' 129.  Ths  maximum  asi&l  lead  transmitted  through  the 
nozzle  was  1640  lb  as  shown  in  figure  125.  The  nozzle  wall  outer  skin 
thermocouples  indicated  temperatures  of  approximately  .'160  R  even  though 
there  was  no  water  on  Hot  film  cooling.  Reattachment  he  pris&»ry 
exhaust  gases  on  the  secondary  nozzle  wall  did  not  occur  with  the  nozzle 
in  the  full  open  position.  Secondary  nozzle  airflow  decreased  to  zero 
flow  rate  only  after  the  nozzle  had  started  to  close. 
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Figure  125.  Load  Cell  Data  for  Secondary 
Nozzle 
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(C)  The  decrease  in  secondary  alrficw  was  measured  in  these  tests  eg 
shown  in  figure  126.  The  operation  of  this  nozzle  in  the  open  and  closed 
position  was  further  verified  by  the  nozzle  wail  static  pressure  data 
as  shown  in  figure  127.  The  static  pressure  in  the  nozzle  was  essentially 
ambient  when  the  nestle  was  open  and  readjusted  to  the  ideal  wall  pres¬ 
sure  lev^l  when  the  nozgle  was  closed.  An  analysis  of  the  performance 
was  similar  to  e  20:1  area  ratio  nozzle  until  the  secondary  nozzle  closed 
and  tliss*  the  nozzle  performance  duplicated  the  60 il  area  ratio  nozzle 
48  shown  previously  in  figure  109.  Boring  all  the  teste,  the  nozzle  did 
not  experience  any  high  temperatures  when  operating  uncooled.  The  outer 
vkin  temperature  reached  a  sssimua  level  of  1160*R  when  the  nozzle  was 
closed  m  shown  in  figure  127. 

Of)  These  tests  provided  data  that  were  required  to  design  a  lightweight 
nozzle  and  translating  systes  foe  the  250K  two-position  nozzle. 

e,  heat  missni. 'souks  &m  msesuLS  evaluation 

1,  lut  reduction 

(C)  Studies  ssre  conducted  to  develop  a  mathematical  hast  transfer  model 
to  aid  in  ©s&lyzinjS  the  relative  ef facts  on  cooling  requirements  of 
various  wafer  aaSesiain  and  geometries  for  the  grooved  wafer  and  porous 
m& la  (|Eigia$s&)  transpiration  cooling  concepts  shown  in  figure  128.  In 
addition,  @  sate  rial  survey  conducted  for  application  in  either  or 
bath  concepts  Fabri^tion  sf  test  samples  was  partially  completed 
prior  to  discontinuation  resulting  from  program  redirection. 
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Figure  127.  Translating  Skirt  Wall  Pressure  and  Temperature  DF 
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Figure  126.  Grooved  Wafer  and  Rigimesh  H?  21445 

Cooling  Concept* 

(C)  Results  of  the  studies  indicate  the  following: 

1.  The  Rtgisssh  cooling  concept  promises  coolant  reductions 
up  to  45%  compared  with  grooved  copper  wafers  (current 
design) . 

2.  Nickel  offers  significant  reduced  cooling  requirements 
relative  to  copper  in  both  the  grooved  wafer  and  Eigit&esh 
concepts.  The  material  can  be  fabricated  ss ,  a  grooved 
wafer  or  Rigimesh. 

3.  The  cooling  ruquirementa  can  be  reduced  to  85%  of  grooved 
copper  wafers  oy  using  refractory  materials.  Molybdenum 
or  Tungsten  alloyed  with  Rhenium  appears  attractive.  The 
feasibility  of  fabrication  into  grooved  wafers  or  Rigimesh 
needs  to  be  demonstrated . 

2.  Grooved  Wafer  Analytical  Heat  Transfer  Model 

(C)  The  5QK  cooled  thrust  chamber  design  was  based  on  the  grooved  wafer- 
cooled  chamber  concept  as  illustrated  in  figure  128.  A  mathematical 
heat  transfer  model  of  the  wafer  cooled  thrust  chamber  was  developed  to 
aid  in  analysing  the  relative  effects  of  various  wafer  materials  and 
coolant  groove  geometries.  The  analytical  model  is  a  modified  version 
of  the  basic  porous  wall  model  proposed  by  R.  ?,  Bernlker  of  MIT 
under  Contract  AF  49(&38)»245.  Esrniker's  model  consisted  os  a  system 
of  equally  spaced  cylindrical  channels.  A  series  of  differential 
equations  was  developed  by  equating  the  heat  stassferred  to  the  coolant 


TMf#  p*s*  edttTAi**  »«mrsT  hanw  s»  a  Matter 

8M«i  wttst  a  wssfasssss  egs*rr-' 

!WJ*9  #»  V. t.  ©3t*¥t##10*«  ©jr  tSAtffWTB. 


in  the  spiral  groove*  to  the  heat  removed  from  the  solid  portion  of  the 
wail.  The  basic  physical  model  was  modified  to  account  for  the  particular 
coolant  flow  path  associated  with  the  wafer- type  heat  exchanger  system, 
the  noncylindrlcsl  cross-sectional  coolant  groove  geometry,  and  the  nen- 
hesiogeneous  coolant  groove  spacing. 

(U)  The  solution  of  the  heat  transfer  equations  for  any  given  set  cjE  wall 
and  coolant  parameters  *«*sults  in  a  heat  exchanger  efficiency  for  the 
porous  wall  heat  transfer  process.  The  efficiency  of  the  wall,  9^  is 
defined  as: 


h  °  Actual  (cooled)  heat  transfer  coefficient. 


Therefore , 


Q,  »  h  A  <f  , 
in  o  s  adw 


T  )i- 


<7) 


(U)  When  steady-state  conditions  src  present  Q£fl  »  Qout*  Thus* 
determine  the  required  transpiration  mass  flux  0#/Ag)  for  any  particular 
set  of  heat  transfer  parameters,  equations  (4)  and  (7)  can  be  combined. 


(8) 


(U)  Figure  129  illustrates  the  wafer  configuration  and  lists  the  heat 
balance  equations. 
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Figure  129.  Transpiration  Heat  Transfer  Analysis  FB  16040 

(U)  Factors  such  as  hos  Cp,  and  Tadw  aso  determined  when  the  chamber 
pressure,  mixture  ratio,  and  chamber  contour  are  fixed.  Therefore, 
coolant  flux  (w/As)  is  reduced  by  maximising  both  the  wall  temperature 
(Sy)  and  the  wall  efficiency  (§w)  and  minimising  the  film  factor  (l/*)f) 
with  proper  design. 
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(C)  The  fil®  effect  resulting  mass  addition  has  been  investigated 
by  Eckert,  Rubesin,  and  othsrs  (References  it  2,  and  3),  Thair  results 
ere  compared  with  data  fro®  previous  water  cooled  chamber  tasting  in 
figure  130,  The  film  factor  is  a  function  of  the  following: 

1.  Main  gau  stream  parameters 

a.  Reynolds  No.  (Re) 

b,  Nusselt  No,  (Nu) 

2,  Coolant  mass  flu*  (w/Aa) 

3.  Coolant  entrance  angle  ($) 

4,  K  :  '*u  of  grooves  per  plate  (S). 


-  >*4«Aav  op  AVAtuas  rim  cootmo  data 


COCtAXT  Wak;  mix 
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Figure  130.  Mas?.  Addition  Film  Effect  (%)  Fki  160A5 

(U)  Figure  131  illustrates  the  wafer  geometry  and  compares  the  wall 
efficiency  of  the  previous  cooled  main  chamber  to  the  new  design. 


(C)  The  analytical  cooled  wafer  chamber  model  defines  the  significant 
design  variables  that  affect  the  coolant  mass  flux.  Although  existing 
experimental  5ata  are  not  adequate  to  determine  the  exact  influence  of 
each  variable,  the  model  is  very  useful  in  predicting  the  trend  caused 
by  a  particular  variable  change.  Thus ,  in  the  design  of  the  new  50K 
cooled  chamber,  each  dcsipu  variable  was  allowed  to  change  and  Its 
relative  effect  on  the  dependent  variable,  the  coolant  mass  flux,  «*** 
determined.  The  design  variables  are: 

1.  Hail  material 

2.  Wafer  axial  and  radial  thickness 

3.  Coolant  groove  pattern 

a.  Groove  cross  section  at  area,  Ag 

b.  Entrance  angle, 

c.  Length,  L 

d.  Number  of  grooves  per  plate,  S 


(U)  Figure  132  shows  the  influence  of  groove  geometry  on  coolant  flow. 
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(C)  Thu  5»degr«e  sntr-snes  angle  0.310  by  0.010- Inch  spiral  groove  disjspaiens 
wer®  calscted  to  minimise  the  required  coolant  while  maintaining  adequate 
surface  bending  am  ®nd  wafer  structural  at??ngth. 

(0)  The  offsets  of  wafer  axial  thickness  on  coolant  aass  flux  raquiy&stenta 
were  investigated  at  three  locations  (chamber,  throat,  and  nozzle  exit) 
end  are  shown  in  figure  133.  The  coolant  requirements  dsersaso  with  - 
thickness;  the  effect  being  most  pronounced  in  the  throat.  Wafers 
1/16- inch  thick  were  selected  and  while  they  are  desirable  for  the  coolant 
requirements,  they  incur  polities  in  increased  cost  end  complexity,  add 
require  very  careful  handling  during  detail  'ahrication  operations. 


WAFER  AXIALTHICKNE3S  -  !«; 

Figure  133.  Effect  of  Wafer  Axial  Thickness 
on  Coolant  Mass  Flux  Requirements 


FD  21043 


(3)  The  requirement  for  a  high  thermal  conductivity  ir.etal  to  transfer 
fho  heat  to  the  coolant  and  ease  of  photoengraving  resulted  in  the  y  '■■■ 
selection  of  commerciaAiy  pure  coppar  as  a  wafer  material,  The  thermal . 
conductivity  variation  with  temperature  for  several  me tela  i§  shewn  in 
figure  134, 

<U)  The  hot  side  wall  of  the  copper  m£ft  chamber  mn  b«  plated  with  a 
thin  layer  of  metal  to  increase  the  sliewable  surface  wall  temperature. 
Ductile  materials  suji  as  stainless  stsfei  with  low  therrnsl  conductivity 
and  theroal  expansion  coeffi  tents  similar  to  copper  are  particularly 
desirable  because  ideal  thickness  requirements  are  low, 

(C)  Figure  135  shows  the  desired  plating  thickness  of  nickel  and  stainless 
steel  to  obtain  a  surface  temperature  of  2500*1  ar  '  copper  interface  tom? 
peratura  of  17QG°R,  Fisted  specimen  tests  have  indicated  that  6.010  inch 
of  nickel  can  be  electrochemical ly  plated  without  escesHve  restriction  of 
the  coolant  grooves  cshffd  by  aide  plating,  Dae  of  platings  such  as  nickel 
in  chambers  with  high  cyclic  life  requirements  is  questionable  because  the 
very  high  tempo re tu re  gradients  produce  high  thermal  at rains  that  minimise 
cyclic  life.  Because  of  the  inability  to  validly  test  the  cyclic  life  of 
nickel  platen  over  copper  In  &  laboratory  teat  no  thermal  barriers  were  ussd 
far  the  50K  or  full-scale  hardware-. 
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(C)  Tab  analytics l  heat  transfer  sjodeil  WSfl  Ut4  Ir.2f*d  ffl  Wtrtgtf  a  nayjKofrif 
study  of  coolant  muss  flux  as  tt  function  of  thermal  conductivity  s.yS  wall 
temperature  different  chamber  locations  for  the  new  5QK  cooled  <wjas?bo'v~ 
spiral  grooved  wafer  geometry,  Use  study  was  extended  to  s  compos it© 
wifcfj  copper  as  the  basic  w^fcst  s^terial ,  which  has  an  allowable  irjterfeefs 
temperature  q{  i?oG  It,  The  an&lysts  wa*  useful  to  corn}  're  ffiaterlfila  in 
g^osrai  transpiration,  coolltjg  a cucepis  whetis  heat  trams  v  in  the  cooling 
rag i  and  liras  irfeets  of  sssas  esdsttipn  ii^  she  boundary  layer  are  both 
significant,  Figures  156,  11? t  &nd  i3§  %(&  table  XXV  shew  cooling  require- 
ffitwts  toy  siicct'ja  ssterisU  in  the _  cQ*Bustia*n  sfeassbav  (tfc  *  3),  noxrle 
throat  i#-»  i)  i  and  rh-s  and- of  the  ttaosplroiior,  coaling  (€K  *  4),  Included 
‘s  t He  cr?i4poj5 iie  wafer  of  copper  wit;?  an  optima  nickel  thickness  to  produce 
~.i  3til»?«fsbi@  £j€t5  R  iiet  g&ss  *» ids  w«*l  i  teteperatu*^.  In  areas  of  high  heat 
flux,  -.uch  ss  die  throat,  hea.t  trassfor  in  th#  wafer  i«*i£  becomes  very 
important  and  the  sstdrie i  thoxaa*  conductivity  becomes  mere  Important, 
islatfys  io  ali-isjablfc  surface  melting  teaparature t  in  determining  required 
coolant  flow,  In  a£i>&$  of  lesser  he»t  flux,  jsuch  as  the  combustion  chamber 
and  high  expansion  jrst tear,  higher  allowable  surface  ^esipbra  tyres  bee&ju? 


Figure  136,  Grooved  Wafer  Cooling  Sequireaseocs  FD  IFIiO 

,••  Thermal  Conductivity  {Contraction 
Area  Satlo  Equal  to  3.0) 
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3.  Rigimoah  hm lyt teal  Rest  Transfer  Model 

(C)  An  analytical  heat  transfer  program  for  Rigimaiih  was  completed  and  a 
parametric  study  was  conducted;  The  program  model  was  derived  from  tfcs 
work  done  by  R.  P,  Barniker  under  USAF  Contract  AF  q 9  (638) -245.  8arnifc®r*s 
technique  predicts  internal  heat  exchanger  efficiency  end  temperature  gra¬ 
dients  in  a  porous  media  such  as  Rigimesh,  taking  into  account  the  thermal 
conductivity,  internal  geometry,  and  coolant  properties.  Certain  refine¬ 
ments  had  tc.  be  made  to  the  mouei  to  produce  the  analysis  of  a  wafer  type 
heat  exchanger.  To  use  the  same  model  in  applying  the  Berniker  technique 
to  Rigimesh,  the  effective  flov  path  length  and  diameter  bed  to  be  determined, 
it  was  necessary  to  first  determine  the  f low/presaure-drop  relationship  and 
porosity  of  the  Rigimesh,  which  was  available  for  use  with  the  cooled  con¬ 
vergent  nozzle  test  sections.  The  results  wf  this  study  are  shown  in  fig¬ 
ure  139,  which  also  shows  the  corresponding  mass  flux  required  for  the 
new  50K  chamber  wafer  liner.  The  indicating  reduction  in  the  coolant 
’-equired  for  Slgimesh  as  compared  to  wafers  is  attributed  to  Lhe  increased 
internal  heat  transfer  efficiency  achieved  with  the  more  favorable  heat 
transfer  surface  area  to  volume  relationship  of  Rigimesh,  The  coolant, 
by  being  injected  into  the  boundary  layer  more  uniformly  and  with  less 
turbulence  by  the  Rigimesh  than  by  the  wafers,  should  decrease  the  hot 
side  wail  heat  transfer  coefficient  and  permit  a  further  reduction  in 
coolant . 

4.  Material  Evaluation 

<C)  Materials  were  evaluated  as  candidates  lor  the  spiral  grooved  wafer 
and  Rigimesh  wafer  cooling  concepts.  In  addition,  thermal  barriers  plated 
on  the  inside  diameter  surfaces  of  the  grooved  wafers  were  investigated  and 
attractive  candidates  were  tested  in  the  film-cooled  copper  liner  (test 
No.  50SC5) .  Further  study  into  thermal  barriers  was  discontinued  because 
of  the  question  of  barrier  cyclic  life  in  application  to  high  cyclic  life 
chambers.  Table  XXV i  outlines  rating  considerations  and  evaluation  result.* 
are  included  in  table  XXVII. 

{U)  Nickfli  offers  reduced  cooling  requirements  in  both  th®  grooved  wafer 
and  Rigimesh  chambers,  except  in  the  grooved  wafer  throat  region  com¬ 
pared  to  copper  because  of  the  higher  allowable  wail  temperature,  as  shown 
in  figure  140.  In  addition,  the  superior  ductility  of  nickel  (2051*  elon¬ 
gation  at  25QOJR)  is  desirable  for  long  cyclic  life.  The  materia!  can 
be  fabricated  as  a  wafer  or  Rigimesh. 

(C)  Grooved  wafer  and  Rigimesh  wafer  cooling  requirements  can  be  signifi¬ 
cantly  reduced  by  using  refractory  materials  that  increase  the  allowable 
surface  temperatures  above  30GU’ R,  as  shown  in  figure  141,  Hciybdc-num 
and  tungsten  alloyed  with  rhenium  appear  to  be  the  most  attractive  o( 
the  high  tempera  Caro  refractory  materials.  Addition  of  rhenium  to  both 
tungsten  and  molybdenum  prevents  the  ductile- to-brittlc  transition  of 
the  recrystal l iged  puce  material.  Both  alloys  can  be  produced  as  sheet 
or  wire  and  production  is  becoming  comma relal ly  feasible.  The  feasibility 
of  fabrication  into  wafers  or  Rigimesh  ;eds  to  e  demonstrated. 
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UJ)  Table  XXVI, 
Property 


Wafer  and  ftiglmcsh  Properties 


il/, q,j  (  7«rogn  t 


Thermal  Conductivity  and 
Melting  Tempera  ure 


Density 


Hydrogen  Corrosion 
Resistance 

Oxygen  Corrosion 
Resistance 

Ductility 


Strength 

Fabrication: 

Machinoability 

bonding 

Photoengraving 
(wafer  application) 

Riglmesh  Requirements 


Material  Cost 


Properties  combination  that  allows 
cooling  mass  fluxes  equal  to  or 
leas  than  those  possible  with  copper 
wafers,  as  predicted  by  an  analyt¬ 
ical  heat  transfer  model,  (See 
figure  141.) 

Greater  than  copper  only  if  cooling 
muss  i'lux  can  be  significantly 
reduced  or  higher  strength  per¬ 
mits  same  overall  weight  by 
reducing  thickness. 

Must  be  excellent. 

Not  required  because  walls  are 
transpiration  cooled  with  Hv. 
Resistance  is  desirable. 

Sufficient  to  ensure  that  lev 
cycle  fatigue  life  requirements 
can  be  met.* 

Desirable  to  minimize  weight  but 
high  strength  not  essential. 


Capable  of  being  machined 
Practical 

Capable  of  being  photoengraved 

Possesses  sufficient  elongation 
(>10%)  to  allow  drawing  and 
weaving.  Capable  of  being 
sintered . 

Not  prohibitive 


*Axlal  and  circumferential  thermal  reliefs  may  be 
feasible  to  decrease  ductility  requirements . 
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(U)  Table  XXVII.  Wafer  Rigiraesh  Material  Evaluation 
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Figure  ImO.  Wafer  and  Rigimesh  Coolant  DF  57175 

Masa  Flux  Requirements 
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Figure  141.  Et‘£eet  of  Thermal  Conductivity  and  FD  21444 

;  Surface  Wall  Temperature  on  Wafer 

|  and  Rigir.esh  Threat  Coding 

1  Rcquiremets 
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5.  Cooled  Coin'd  gent  Tc-stt,  Sections 


(U)  Attractive  cooling  couf igurations  that  analytically  promised  advantages 
over  the  copper  grooved  wafer  concept  were  designed  and  partly  fabricated , 
The  test  sections  comprise  a  1-3/4- inch  axial  length  convergent  noxxle 
se>  )n  extending  1  '4  Inch  downstream  of  the  throat  and  were  « died  4 led 
*’  "»  tested  in  the  50K  uncool  wi  chamber  as  shown  In  figure  142.  A  copper 
combustion  chamber  liner  with  a  coolant  film  slot  establishes  a  coolant 
boundary  layer  upstream  of  the  test  section. 


GH*  Test  Section 
Coolant  Islet 


Figure  142,  Cooled  Convergent  Nogxlc  Test  Rig  FD  1 5 964 

(11)  The  following  four  tost  section;*  were  in  tbi  process  of  fabrication: 

1,  Copper  wafers 

2.  Nickel  wafers 

3,  Copper  Rigimesii 

4.  N.ckc!  Rigimesh. 


(C)  Ttic  copper  and  nickel  wafer  test  sections  at'e  shown  in  figure  143. 
The  copper  test  section  serves  as  a  comparison  static  id.  The  nickel 
would  evaluate  the  cooling  require  seats  ol  a  higher  me  1  ling  temperature, 
but  lower  conductivity  material,  ami  provide  data  for  the  verification 
el  the  analytical  neat  transfer  model.  The  tost  sections  are  divided 
into  seven  zoiu  >  ,  ,  .insisting  of  Umt  plates  each.  Coolant  flc  ,  is 
Sfc-tered  to  each,  zone  in  four  resevahie  metering  oriitccf*.  The  spiral* 
(croon-  passages  will  In*  {--degree,  (,,010-  by  O.OiU-incb  with  M*  slots 
per  plate  identical  to  the  current  cooled  chamber  desistn. 
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Figure  143.  Transpiration  Cooled  Convergent  FD  18271 

Test  Section 

(C)  The  copper  and  nickel  Rigimesh  test  sections,  shown  in  figure  144, 
were  selected  to  demonstrate  the  Rigimesh  cooling  concept  and  evaluate 
coding  requirements  of  a  higher  melting  temperature  but  lower  thermal 
conductivity  mate:.  ,al  relative  to  c<  ,.pe;r.  The  Rigimesh  consists  of 
seven  l/''*-ii>ch  thick  plates,  1/2-1;.^  In  radial  thickness,  and  electron 
beam  weldvd  to  a  support  plate.  Coolant  flow  la  metered  to  each  plate 
by  four  removable  metering  orifices.  Tne  Rigimesh  was  fabricated  with 
each  ply  rotated  at  a  45-dagree  angle  idative  to  the  adjacent  ply  to 
provide  a  more  uniform  radial  flow.  Three  different  porosities  were 
ordered:  (1)  1000  acfm  air  at  35  psia  to  atmosphere;  (2)  3000  serm  air 
at  40  psia  to  atssof phere;  and  (3)  0000  scfm  air  at  45  p3ia  to  atmosphere. 

The  porosities  weie  established  to  simulate  the  Reynolds  number  of  the 
starting  flow  of  the  cooled  chamber. 

(C)  Fabrication  of  cooled  convergent  nc?.*le  test  sections  was  discontinued 
as  a  result  of  contract  redirection  of  effort.  The  copper  wafer  detail 
operations  were  30%  complete.  Photoengraving  ot  the  nickel  wafer  material 
was  20%  completed.  All  the  copper  and  nickel  Rigimesh  material  was  received 
and  fabrication  was  initiated  in  the  P*iWA  experimental  shop.  Samples  were 
flow  calibrated  and  were  determined  £j  be  tor.sistent  with  the  vendor's 
calibration.  _ 
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Figure  14*.  Rigimcsh  Cooled  Convergent  FD  18273 

IV st  Section 

F.  TEST  FACILITIES  A1>D  FR0CE8URES 
1.  B-28  Test  Facility 

(U)  This  test  stand  is  a  part  of  the  Liquid  fropell&r.t  Research  Facility 
(LPRF)  at  FRSC.  The  stand  consists  of  three  horizontal  test  hays  reted 
for  100C,  10,000,  and  SO, 000  pounds  of  thu:st,  Propellant  supply  pro s~ 
sure  capabilities  extend  beyond  5000  psi.  Th*  Liquid  Propellant  Research 
Facility  l.  shown  in  figure  145. 

(U)  The  B"28  teut  stand,  which  is  toe  ,r)Q,Gihl>»aund  thrust  bay  in  the 
center  of  the  LFRF,  was  the  stand  used  for  the  cooling  investigation 
and  two- position  no?. ale  tests. 

C'i)  A  basic  schematic  of  the  S-2S  test  stand  is  shown  in  figure  146. 

Se r voh yd rau iic- actuated  propellent  run  velvet  are  located  on  the  dirust 
mount  fur  close- coupling  to  the  p-xq-hurner  and  main  chamber, 

(U)  A  50-channel  digital  sequencer  is  used  for  test  sequencing  and  a 
64-amplifier  analog  computer  is  pbogrtttmnsd  to  provide  propellent  servo- 
hvdraulic- actuated  run  vslve  tamping  and  pressure  control.  Over  10S 
measurement  channels  are  available  in  the  facility.  Data  mease regents 
include  pressure,  temperature,  thrust,  and  slow  rate,  Excellent  .vjtasure- 
ment  precision  and  response  ate  available  through  a  %- channel ,  low- revel 
input,  ana log- to-digitai  converter  that  records  os  magnetic  tape. 


Thirty~?ix  oscillograph  channels  a-m  lo  cnaniiels  of  -* i reel- inking  scrip 
charts  are  also  available,  i&oierion  amplifiers  are  pre-video  to  (crmii 
redundant  analog  recording  of  lo  chduneh  of  digital  data.  A  separate 
system  -  including  an  Ampex  FR-1QG  high  speed  la-trsck  tape  recorder, 
amplifiers,  and  transducers  proviJes  high- i requency  ants  capability  o; 
20,000  cycles  per  ,  e^or.d,  The  data  acquisition  system  is  sh/'!wn  sche¬ 
matically  in  figure  1  *'♦  7 .  A  6-channel  closed  circuit  TV  system  i:  rv«*  li¬ 
able  for  test'  stand  observation,  A  telescope  ccr,  also  be  used  for  direct 
view  of  i he  exhaust  i 1 ame , 

(U)  An  important  feature  of 
one  test  ‘  ly  to  another.  ’) 
are  accump 1  ishtd  by  remot* 
transmission  cable,  and  re 
panels . 

2.  30K  lest  Procedures 

(U>  Tiie  test  -equvcce  contiol  rchematjc  is  shown  in  figure  l-.H,  A 
50'coannsl  digital  sequencer  was  used  for  test  sequencing,  and  a  »0- 
ar~i.fi  tier  analog  computer  was  nseu  t«  provide  jnopeUatU  imi  valve 
ramping  and  pressure  cuitrui.  The  main  piopellaist  rut:  valves  were 
servolsydraui  ic  actuates  and  are  clo.se-coupied  to  the  tiirust  chamber . 


th<‘  data  system  is  th*-  ease  of  chan geov-~- r  from 
q1!  sclecti  n  and  electrical  calibration 
.J-'g.  Signal  conditi  ning  equipment, 

Uer  are  selected  through  quickcUange  patch 
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Figure  147.  B'28  Data  Acquisition  Fystcns 
Schematic 
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Figure  148.  50K  Thrust  Level 
test  Rig  Control 
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(U)  The  stags;?- combust  los  l"*4'.  <nMHietii «  t*  s.ujwu  in  fiuurt*  l4li  Sir  rot h 

ami  sn  liable  ignition  and  <t>  it*  lt?t~a  t  ton  to  lull  \hambet  j  re-tore  were 
uChicvOu  bv  it  atvPP*'d  f,-pc  ?;■»  -sdur': .  ?**“*  i*os#tiri»  c.aoDu^ 

”*7*®“  -as  provided  to  the  pfebm  *ier  an!  naio  hi«rn»»r  i  :>  w-  - 1«.»*  %  and 
(•txei'U’s  hydrogen  to  t  lie  |»rehur»>**r  iitjereor  from  sources  at  approximately 
1000  psig.  Flews*  ti»  the  injectors  wore  controlled  by  small  choked 
ori lines  in  each  of  the  supply  lines  '{lie  or  i  i  lens  were  sizvd  r.u  pro¬ 
vide  flows  producing  app.-oxima  te  i  \  *00  psist  m-i  iu  cha  »ber  pressure  wi.en 
ignited  at  o  mixture  ratio  oi  .  pproximaiciv  !).v  in  rite  prvburnes  and 
4,0  in  the  main  chamber.  Injector  nitrogen  purges  were  sequenced  off 
When  fhr  pilot  igrition  flown  were  sequenced  on.  Ignition  in  the  pre- 
burner  was  initiated  by  a  spark  ping  mounted  la  tht  chamber  wall,  and 
in  the  main  chamber  b /  auldgnit  ion  between  rite  m.sin  burner  in  jected 
gaseous  oxygen  and  the  hot  prt ourner  gases.  Sat rs fas t ory  ignition  oi 
the  pilof  ignition  (lows  were  sinned  in  the  p re burner  by  the  mot  ou  pie 
probes  and  in  Hie  ruin  chamber  by  a  throat- insert. d  burnwlre.  It  satis¬ 
factory  ignition  was  not  sensed  during  a  ptearr  f  bt-d  tint*  intervu1  ot  tSit- 
test  sequence r  the  teat  was  autumn  tied  1 1 >  aborted  before  nain  ptopellaul 
f  bows  were  started.  After  sati  , factory  ignition  tai  verified,  oritcred 
bypats  linos  arouttd  the  main  liquid  oxygen  run  values  were  sequenced  open 
to  provide  repeatable  liquid  oxygen  injector  ftl1  transients.  A  Small 
liquid  hydrogen  control  \ulve  was  u«ed  to  control  the  liquid  hydrogen  flow 
to  th«  prehnrnor  injector  during  the  liquid  oxygen  injector  fill  portion 
of  the  acceleration  transient  t*>  maintain  the  desitud  preburner  i umbos t ion 
gas  temperature,  The  pilot  gaseou'  igni  ion  flows  were  cut  off  by  check 
valves  in,  ’'fie  injector  pressures  i  .crease  above  supply  pres-ures. 

(U)  n  ramped  -.tain  chamber  creature  control  signal  (to  full  chamber  pres¬ 
sure)  was  applied  after  the  inlet  lines  and  the  injector  were  full  of 
liquid  propellants.  The  main  chamber  liquid  oxygen  tun  valve  was  opened 
to  provide  Us-'  desired  main  chamber  ore  *  sure ,  controlled  by  a  feedback 
error  signal  (produced  by  comparing  tut-  measured  msln  ch.mber  pressure 
to  the  desired  chamber  pressure  ramp  contiol  signal).  The  pieburncr 
liquid  oxygen  run  valve  wa*  programmed  to  masnta’n  a  predetermined  hot 
gas  pressure  drop  across  the  main  injector..  The  p  re  burner  liquid  hydrogen 
run  valve  was  con: rolled  to  provide  the  desired  preburner  mmbuaLioi  gas 
tempo  rafure. 

(U)  Shutdown  from  full  chamber  pressure  was  control  led  in  the  ,amu  manner 
as  the  acceleration  transient,  exiept  that  the  Use.  run  valve  was  lagged 
to  a  s  so  re  a  fuel-rich  shutdown  ,  *i*he  liquid  oxygen  run  valves  wtsrc  stepped 
closed  from  the  near- closed  position  to  ensure  a  clean  sh'.’otf  oi  the 
liquid  oxygen. 

(uj  The  gaseous  hydrogen  i  rauspf  i  -it  .mi  ccoLtu  for  the  >aam  birnor  com¬ 
bustion  c-t  !4n(i»Ct  ven  it  uiiivO)  ..  ••  >.>«•■  ,  *-  .  T  ■  - 

flow  wa»  cos  f  r»*lled  by  a  se*  vohv-i  r«u!ii  valve  In  the  <  oolanl.  supply  line, 
control  l tog  ro  a  scheduled  dl£t<  »enlj.«i  jm  «su;e  between  chamber  presume 
and  cu.nlanE  Inlet.  ptea-.ufe.  Coi  tinMing  lue  *.(-<) ant  inlet  pressure  t. 
a  function  of  chamber  pressure*  assure  the  .its  tied  coolant  tlw  throughout 
the  tast  sequence  without  the  uncertainty  «>f  itu  npriug  to  natch  pressure 
ramps . 


(U)  large  area  ra£ia  noizlfi  skirt  was  formed  of  sheet  metal  er.tl  was 

flim»r.ooled  with  waier  during  the  acceleration  to  the  desired  test  con- 

»■  i  Ane  TU»  uiPat'  Mdti  ahtifr'  Httfind  n  Aata  nfirf  n>1  *\f  Hto  #-»cfr 
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SECTION  VI  i 
TURHufvHr  COMPONENTS 


A .  INTRODUCTION 

(C)  The  objective  oi  tin*  turbopump  components  prugtan  was  to  demons irate 
a  10-hour  bearing  life  *■  the  Jculgn  speed  and  the  maximum  radial  load 
on  the  bearing  configuration  established  for  the  pie )  lm Inary  250K  fut?l 
turlcpump  design.  The  fuel  turbopump  nearing  omli guratlou  and  require¬ 
ments  as  established  for  the  preliminary  2b OK  turhepump  dapign  are 
(!)  55mm  inside  diameter  toilet*  bearing,  (2)  design  spued  of  48,000  rpn  , 
and  (3)  maximum  radial  load  of  1700  lb, 

B.  SUMMARY  AND  CONCLUSIONS 

(C)  The  turbopump  bearing  teat  program  was  composed  of  three  phases; 

(1)  spin  tests  to  provide  a  relative  ranking  of  mechanical  Lr.Ngrity 
cf  candidate  cages,  (2)  cage  and  bearing  geometry  screening  tests,  and 
(3)  endurance  testing  of  the  selected  bearing  configuration  with  AlSl  440C 
(AMS  5630)  bearings  to  demonstrate  a  10-bout  life  capability. 

(U)  Eight  spin  tests  wire  conducted  to  provide  a  relative  ranking  of 
mech  nical  integrity  of  candidate  cages.  Arms Ion  and  Poiyimlde  SP-1  were 
the  only  materials  tested  that  exceeded  tin*  cage  design  speed  (approxi¬ 
mately  25,000  tpm)  without  external  armot  and  thi.se  materials  were 
selected  for  evaluation  in  the  bearing  rig  tests.  ‘  lott-11  with  armor  was 
also  evaluated  because  of  good  experience  with  this  material  in  other 
programs  and  its-  characteristic  for  transferring  lubricant  to  other 
elements  of  a  bearing. 

(U)  Elcvt'o  tests  were  conducted  for  cage  and  bearing  geometry  screening 
tests.  As  a  result  of  these  tests,  a  bearing  configuration  was  selected 
for  endurance  testing  that  consisted  of  AISI  A40C  material  rollers  and 
races,  and  an  outer- race- pi  luted  Armulon  Cage  with  0,040- inch  total  roller 
end  to  inner  race  flange  clearance.  Negative  internal  radial  clearance 
was  used  to  provide  roller  preload. 

(C)  A  total  ot  12  hours  and  35  minutes  of  endurance  testing  was  accumu¬ 
lated  on  the  second  roller  hearing  test  in  the  reaction  position  (857. 
load).  This  beating  remained  In  excel!*  condition  with  roller  end 
wear  less  than  0.001  inch.  The  first  ••*»...  ..  bearing  iniled  because 

cf  roller  skewing  ai  i  hour  and  32  nine.  Three  hearings  were  tested 

in  the  load  ring  position  and  these  tally.*  because  of  roller  skewing 
at  7  hours  and  20  minutes ,  1  hour  and  19  minutes,  and  3  nouis  and 

*»0  5*1! f  r  r  r»  «*  por  ♦  j  »»f»  \  #*u  r  j  np  H  *  «  *»*■»  »'  ♦  r* «  «-  *  »* . 

(C)  Tl>is  urogram  was  limited  ho  h  in  nuntlu  s  oi  tests  and  number  of  hearing 
uonitgura  Ion  variables  tested  but  toe  following  conch  nuns  and  recom¬ 
mendations  are  made; 

1.  A  life  of  10  hours  i or  a  55mm  roller  bearing  wish  a  UN  o| 

2,64  x  lO^mm  rpm  anJ  1700  lb  radial  load  appears  feasible 
based  or-  the  12  hours  and  J*s  minutes  duration  achieved 

cemm 


*»!V  .  •»  ,  ..  'iKr ji 


wiLli  one  reaction  bearing,  hwi’vri  ,  Jvi'Liifr  Uevt  K  j-.?srni 
is  necessary  to  solve  i  lie  problem  et  ro!  lei  skewing. 

2.  Killer  ent:  wear  can  be  mn,i.:ii»'eu  or  eifetilvelv  eliminated 
5y  techniques  siaiiini  to  those  employed  during  these 

t  o  >•- 1  s  . 

3.  The  lallurc  of  two  ciiive  hall  bearings  on  the  drive 
turbine  and  throe  roller  bearings  in  the  load  nog 
location  of  the  test  rig,  indicate  that  additional 
testing  and  modified  Ilona  to  the  test  t'  i  r.  are  required. 

•5 ,  Additional  testing  is  required  to  demonstrate  high 

reliability  and  durability  o!  the  test  beatings  in  both 
local  lot  s  ot  the  te-.t  rig. 

C.  HARDWARE  DESCRIPTION 

1.  Bearing  Test  Rig 

(b)  \  t.  jsi  section  of  the  bearing  test  nt  lot  this  progra.it  is  shown 
in  1  i  gure  150,  i  igure  1M  is  .«  photograph  of  -tie  test  rig.  showing 
the  gaseous  nitrogen  drive  turbine  and  the  pnet  mt it  actuator  fo. 
applying  the  radial  load  to  the  test  hearings.  This  rig  is  capable 
of  testing  two  roller  bearings  at  who  sane  time  to  speeds  in  excess 
ol  50,000  rpm  with  a  radial  load  o{  25UO  lb. 


Figure  150,  Roller  Bearing  Test  Rig  Cross  FD 

'.eel ! on 
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Figure  155.  Rol lo>  Homing  Test  Rig  F!) 

(U)  The  roller  bearing  nearest  the  turbine  is  the  So.nl  ben ri  ng  .nJ  Ik 
mounted  In  n  load  Hug  that  moves  vad  tally  under  the  a  pp !  :  •  i.din'  ■  ,>ad  . 
The  squareness  o)  this  load  ring  u  twintainod  by  a  wave  washer  that 
holds  the  load  ring  against  the  noting  fare  of  the  housing.  The  other 
ro'iqr  bearing  is  tite  reaction  bearing  and  absorbs  857.  of  the  radial 
load  applied  tv)  the  load  bearing.  The  remaining  157.  of  the  radial  load 
is  applied  to  the  slave  ball  bearing  on  the  turbine  drive  end  of  the 
test  rig.  This  ball  bearing  also  absorbs  the  axial  load  of  the  rotor 
assembly. 

2.  Bearing  Configuration  Selection 

(U)  Based  on  experience  in  the  fuel  pump  technology  program  undet  Con¬ 
tract  NAS8-11714,  a  roJloi  hearing  was  incorporated  in  the  preliminary 
design  of  tin  25UK  turbopump  to  provide  increased  radial  Stiffness  to 
minimize  any  instabilities  associated  with  the  rotor  bouncing  oj  rocking 
modes . 

(U)  Spring  rate  and  capa.iiv  el».v*acterisi  a  *  of  various  ball,  roller, 
and  duplex  bearing  t  onf  t  guratiens  were  e  valuated  and  compared  to  the 
requirements  for  ttie  tuel  turbopur..p.  On  the  it.isi'  of  this  study, 
a  55mm  x  1  oOm.n  roller  bearing  «.ou f irurativn  was  selected  f<u  tost 
ova 1  nation. 


201 


flhtt  page  it  Ur,ei<mih$d) 


C ;■  A  itiirup.  ip  .  vtn  jK  ed  *>{  ..uri  ;;  shafs 

has  !><  «-•  i  t  Ui- !  s  ‘•hcii  ii  tSsf  modal*.  de  s  igt. ,  ret: alii  ,\i:  i 

‘.is  2.64  >  rpii. 


i .» t V r  of  S5mv 
a  D\  rc*iti  tri-mont 


*  *  *  - '  o  c  ra  i  ae  I  .  s  -  i  *  v  n  j  iv.  i  3  beAringc*  os  t  n*  s  j  g,,  n  re-  pr  e  * 

*  *■  f*  ;«irt-h  \  (  hri-us'd  too.  t  -  i.,m  e  i  i?  shows  jin-  re;  n;  i  Onsh*is  -,f 

r.i<Sit.  ■*  p  i  :  t.g  nU  v-  ij>-i  * '  i  opuSicd  u.ivis  with  /<  i'" 

radi-..  com,  Aft*,  sadiii  -p-i  i j i  rate  shot**-  .-itgaif  Kant  d euisw  with 
iiu  it'-rir  i  ‘-hvu.  Tit’s  eiitct  is  u.i-i.sui  by  a  ihaoge  in  ball  eoof.iic) 
due’ll  because-  of  .  cut  i  i  i -tga  >  it  adlm*  ot  in?  lw  \  i  .  diglrer  inner  i&ce 

contact  tingle--  ren.  it  m  a  '  *ve.  -.;>r  i  ng  rate.  Add  i  Uenal  thrust  load 

'titlin'*  the  heating  It*  renneinw  the  {•fleet  of  centrifugal  loading  On 
com  a  ct  angle.  flic*  re  tat ton-*h  i  j>  ”t  radial  xiismg  tatc  to  radial  load 
with  t’Uv  .  b  and  wiin  It 'OH  lb  applied  inry-i  '•  ,.os  is  illustrated  in 
ligme'  M  and  !.«i,  A-  rad  ’  -t !  i*'id  i  r-  irurf.Hcd.  tin-  contact  angle 

o*  ri'i  it  mg  is  reduce.!  until  a  j»,sat  i  *  s.  ached  where  the  ball  is 

iidiit>  Mi  ll  thi  .11111.11  ot  t hi  idu  groove.  At  this*  point,  ,mt  effect 
uj  spvid  i>  eatrs  i ugol  lead)  . ,s  essentliliv  el  l  atoaicd .  Fuitiur  increases 
in  tadiai  uuii  increu-e  s{  ii  Infss  be  i  a  use  ot  meicdsoi  hall  to  race  con¬ 
tact  1 1  a  ,  Figure  165  s'nw*  ti.i*  ielati.ui-i.jp  -.;i  r.-.ilal  spring  rale  vr 
radial  ns.'.1  K*r  various  ciassei.  of  bearing-*.  .Sijnifica.it  diticrenc.es 
in  •filing  rate  oe.ui  c  - 1 >•  {ot  high  radial  loads  (above  1500  pounds)  where 
i  h<  'mm- i ng  1 1  ie  vo.iJ  he  c«* iproini * »:d  .  Figure  1  •»  >  'hows  i  he  lo-honr 
1  \td  .  ap.ij  t(v  curves  for  v«Ji  ...us  *  lasses  ui  _*>!,•;,;■  hearings.  The  largest 
beating  (‘•1mm  x  100.;., ;u  ha-s  tin-  ,-r.at.st  capn.it'1,  and  could  be  designed 
to  operate  at  a  .noxi.tum  load  ol  uppioximut  el  %  1  JOi.  pounds  *ith  1 000  pound 
axial  li.i'),  figure  ii?  show*  the  it  Sat  ion. sin  p  (>i  rauial  spring  rate  vs 
radio!  load  1  >r  vaji  •.»?*  inside  di.'i.srfo*  sire:*  of  the  ,*<v-e  class  and 
figure  158  snows  the  c.n responding  !0-Si<nu  load  fap.;t!fv  curves  lor  thous 
hearings,  for  the  so  healings,  also,  the  spring  rate  is  nearly  the  same, 
exevp.  at  high  taJial  i.sids  that  are  .n  <-xce  s  i'f  i  ho  allowV»l:i*  load  for 
file  dost  rod  design  life.  The  load  capa.ity  of  this  largest  bearing,  is 
rwdm  ed  be  1 ..hat  ntfiun.iblt  with  the  largest  bearing  will,  a  5kir,'T>  bore 
dSsmvter  s>‘-  u  "e  the  DM  vaiue  is  . ighet  and  the  ball  diameter  iy.  lens. 
Figure  151)  shows  the  re  la  tlo.-shi  p  o  i  radial  spring  rate  v*  i.miai  io.nl 
for  various  ball  t'SH.itl  ang.<8  and  figure  160  shows  the  eoi'VCHpondi  ij; 
10-hour  load  ,a,iuiiv  c  ui  vest.  Whili  t'lc  s.n<i  lie*  contact  angle  priximes 
the  stllfesf  b.-rfi  mg  in.  the  1<**  ffluia!  load  range  because  the  centrifugal 
loading  elfvrts  .tie  n.ii.i  ni  .cti  ,  radial  load  capacity  is  sacrificed  lor  a 
given  design  1x1*  . 

!o)  These  load  i  ,pn-  vty  curt  -  m  gleet  fu  cage  i.id  were  lei  o  rmrued  by 
the  -tnndnrd  AFM lv\  ,>ie !  r.od  (Reif-renco  4). 

•••  ....  ,i,  .  ,  '  i  ,  •  1 

/  ^  -*  '»  *  *•  »  5  •  *  *  -  *  *  v 

approximates c  1 3tn>  lb  as  ^hown  tn  figure  !56,  and  1  he  ..».ixi  iictm  r  dial 
*.p?  irtg  rate  i--  approximati'l  s  1,  x  l<n  lb  u.,  as  shown  in  iigu.es  IV-*, 
.56,  157,  a;ui  15*;  for  a  design  life  of  1  * i  hours. 


4^  .  >«i^'>**<* s*'-  f*  .,**«,*  M  mw  «  »a  «*v*«*  ^4-K  >>KHVv**i  ^'M*"^  ,v.  »>‘>fc'&*  'V*>ito>MrtkHt.w’ 


Figure  154.  Sadia!  Spring  Sate  vs  Sadia!  Load  SF  327«3 
(Single  Ball  Searing*  1000-lb 
'Ihtuafc  Lead) 


(U)  Tm  characterise lee  of  roller  beamings  of  the  required  aiaa  are 
presented  in  figures  161  through  166.  figure  »61  shews  the  relation- 
ship  of  radial  spring  rate  vs  radial  load  for  various  speeds.  The 
radial  spring  vs to  of  roller  bearings  is  nonlinear  «lfih  load  but  speed 
has  vary  little  effect,  this  nonlinearity  ia  causae  primarily  by  a 
varying  number  of  leaved  rollers  as  load  la  increases.  At  vary  low 
loads,  IS  tha  bearing  has  internal  clearance,  only  one  roller  le  in 
contact,  As  the  radial  lead  ia  lncrea md.t  additions!  roUara  come  In 
contact,  approaching  one  half  of  t'm  tei»i.  Figure  162  shows  the 
relationship  of  radial  spring  rate  vz  radial  lead  for  various  classes 
o"  bearings,  the  larges  bearings  exhibit  no  significant  increase  in 
spring  rate.  Figure  1S3  show#  bha  load  capacity  curves  for  various 
classes  of  55®m  bearings,  the  largest  bearing  has  the  graatvat  load 
capacity  for  a  given  life  because  more  roll®?  ares  ia  in  contact  with 
the  vacs  (longer  rollers),  Figure  ISA  shows  the  relationship  of  radial 
spilng  rate  vs  radial  load  for  various  iniids  diameter  fisss  os  the  name 
class  and  figure  165  shews  the  corresponding  toed  espselty  curves.  Here 
again,  the  larger  bearing  shews  no  gain  in  spring  rate.  However, 

ths  radls!  capacity  for  s  given  life  is  less  in  the  lew  to  intermediate 
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Is  |ft  5f*i—  St  O#  3  ■;  gl  5m™  tss.-  £3  K&fes.“S  £j;  f^g&7S  I##. 

{5IJ  ^siMfig  '^u  tk&nt&tUailf  @t  11  tfc*  *s»***.| 

rS£$  S&S  H*S2  f}«j5i-  ,  i  ri  fjriOtr-SS,.  ,  *.*.  £d  2&iF?~®iA£: 

S?  sf§=£??  ~.«af  b*?h  s?s  c«r?p£*g  lead*  Th*  rssalrt^enE  f&r  astute* 

4i-?ssi^s  sliilfcag  eisareo ees  piss  wi*#ilg=^rnt  srt  shr  shaft  ibl  “£««” 
f»s«d]rta§  t# la ranees  «o«t4  $f«e  fearing  ts-  w£osg$  grssrs? 

fehc#«hy  taoslng  spring  ma  «si«  life  eh«?&$s»£l3$U«  is  approach  shea© 
of  &  single  bait  feMrin$, 


si.a^F;  nrx*r?^  -?-*«. 

is  •  a-ps  i®§  s?  ?.€ 


(U)  m«  fas  l  ;;.,’7-bspuf^  r-sqy*  r Affiant#  ^i>s 
graphs . 


pressed,  in  hb@  following  ps^a* 


(U)  Figure  16?  a  hows  th«  ml&ti'jft&hip  os  th«$  b&uoce-iyoda  and  sock\Rg«aoda 
critical  #p«dfe  v?  total  evsraH  #e<io«  support  spring  rats  {housing  sad 
bearing  -  both  ends)  for  th®  fusl  tu thopmp  prelin} ia&ry  de&ign,  lines 
of  typi&aJ  Gysrall  spring  rata  for  ball  b@* slags  m&  roller  bearings  ars 
i'«idit?*csd.  Snperlsrica  has  ahswn  that  most  mp^ti mttt&Xi?  observed 
iRstancos  of  whirling  motion  ssyehrenoog  v#itte.  &seao  have  ih@ir  onset 
m  a  spsed  approximately  wlco  ch«  If^casa^  of  tho  indusad  whirling 
motion,  ‘she  whirling  motion  g^naraHy  ossara  et  a  natural  frequency 
of  tho  roio?  and  uyppairt  syatasa,  To  prsuont  onaat.  of  this  type  of 
inatabiU£y»  it  la  therefore  don irsbie  to  keep  all  rotor  and  support 
(jyste®  rriticel  spsodg  afeyys  50%  of  design  speed.  Is.  is  eho«n  in  fig¬ 
ure  l#?  that  the  bgli  bsesrlng  sy«o©  will  not  satiafy  this  requifoasRt, 


* 


i 


S—4-1 


(C)  Figures  sad  169  snow  eh®  calculate  rad&sl  tv;  the  treat 

sad  rear  bsarLag*  for  the  fu^i  eurbapusp  pr&li&issaxy  4wS*~f«  «  a  function 
o£  speud.  Setis^gad  hydraulic  loading  caused  by  cim«sfeireafci«l  prea- 
sura  variations,  vehicle  leading  caused  by  vehicle  eaneuvars,.  sanauvor  and 
gy^o  leading  caused  by  engine  global  motion ,  and  loadings  caused  by  dynamic 
unbalance  era  included.  fhs  magnification  of  she  unbalanced  leads  at 
critical  spseds  are  indicated.  A  larger  value  oS  residual  unbalance  has 
been  assumed  for  a  euebcpusp  rotor  using  roller  bearings  based  on  early 
ospariencu  with  the  35QR  liquid  hydrogen  pump  on  Contract  KA58* 11714, 

Ihess  loads  wot®  taken  in  planes  perpendicular  and  parallel  to  the 
whleJs  axis.  the  vehicle  loading,  maneuver  loading,  and  gyro  loading 
were  then  sussed  vsctorialiy.  The  hydraulic  loading  and  dynamic  unbalance 
loading  ware  then  added  to  this  vector  to  provide  the  maximum  radial  load* 
ing  of  tho  bearing  as  shown  in  figure  1?Q,  fhe  sastitsoa  loading  occurs  on 
the  front  bearing  and  is  approximately  1390  lb  for  a  bail  bearing  and 
1800  lb  £ou  a  roller  bearing.  Figures  156  and  163  indicate  that  55tsa  x  100ssa 
ball  or  roller  bearings  have  approximately  the  required  10-hour  capacity 
with  those  leads*  The  ball  bearing  is  marginal  erel  cannot  accept  greater 
load  without  reducing  life,  The  roller  bearing  indicates  a  42-hour  fatigue 
life  at  this  condition  or  the  capacity  to  acc*  loads  up  to  3000  pounds 
at  10-nour  life. 

(C)  Because  of  ths  marginal  life  and  inadequate  spring  rate  of  ball  bearings, 
s  55asa  x  lOOssa  roller  bearing  configuration  was  select'”*  for  test  evalu¬ 
ation. 

<€)  A  1700- ib  radial  load  was  selected  for  the  bearing  tests  because 
this  was  tha  maximum  loading  in  an  arbitrary  plane  perpendicular  to  the 
vehicle  axis.  Since  a  large  value  of  residual  unbalance  (0.10  In. -os) 
wax  assumed  for  a  turbopump  rotor  with  roller  bearings  during  the  analysis, 
it  was  anticipated  that  a  lower  value  of  residual  unbalance  could  be 
achieved  as  the  balance  techniques  were  improved.  Later  experience  on 
Contract  HAS8-U714  demonstrated  that  a  residual  unbalance  approximately 
equal  til  that  with  a  boll  bearing  could  be  achieved  on  a  pump  with  roller 
baariaga.  therefor®,  the  1700- lb  radial  load  used  during  these  teats 
m>&  conservative  by  app  Iraatel”  310  lb. 

ft.  «st  mmm.  mv  tsst  as  suits 

(8)  Tha  f.jrbos«ap  bearing  tost  program  was  composed  of  three  phases, 

(1)  spi’«  teats  to  provide  a  relative  ranking  of  mechanical  integrity 
of  candidate  ca^ac ,  (2)  cage  and  bearing  geometry  screening  testa, 
and  (3)  endurance  taafeisug.  of  ths  selected  bearing  and  cage  configuration 
wish  AiSX  440^5  (£33  5630)  besringu  to  de&onstrate  a  10-hour  life  capa¬ 
bility.  these  tests  are  discussed  in  detail  below. 

1 .  Cage  Spin  testing 

(0)  The  spin  tasking  of  csaslid&t®  ceg®  setsriai*  was  completed  and  the 
results  are  ehowft  in  table  XX$P$,  Growth  z^asuremests ,  where  available 
at  I0§&  std  i:  %  c£  bearing  design  conditions,  &v%  indicated  in  this 
sable  •.  fb§s®  spin  taste  psavidsd  s  rahasive  reting  of  ths  acch&aieci 
o£  caBdid^ce  cage.  satsrisls  lor  ealsotloa  of  material*.  for 


,  i-  -t,  u.,*..  >sae  pie.  ?h*  una?»ered  Saloon  e&  test  Ho,  3 

!!?^r‘r\:*;/;LrT'ftr:Sf  =*ie«ue*d  bum  3f^d.  a  hh^ 

arftl^u‘^rcS^"Ehii  mYailvt*  originated  et  the  roiUr  po<*s* 
corners,  which  was  typical  of  the  other  failures  during  these  spin  tesvs. 
No  irregularities  were  observed  ir,  the  material,  h  repeat  spin  test  was 
conducted  with  a  second  sample  of  Saicx-K.  the  second  cage  failed  at 
12,200  rpas,  which  is  88%  of  predict  burst  speed. 

(C)  as  seen  itm  ufel®  KXVtII,  Artaslon  and  Poiyimide  SP-l  are JhLTiLs 
Serials  that  exceeded  the  cap  design  «~*d  (approximately  25,000 
without  external  armor,  and  thoRa  materials  ware  selected  for  evaluation 
in  the  hearing  rig  screening  teste.  Saloa-M  with  araor  was  also  selected 
hscausc  of  good  experience  with  this  material  in  other  programs  and  ite 
characteristic  for  transferring  lubricant  to  other  elements  c£  a  bearing. 
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figure  168.  2508  Pud  Pump  Haximus  asdial  DF  60312 
Loading  of  Rear  Bearing 
(Leaded  51 .4  Degrees  from 
Vehicle  AsisO 


OF  60311 


Figure  169.  35Q&  Fual  ?unp  Maximum 
Radial  Loading  o*  Front 
Bearing  (Loaded  47 .4  Degrees 
from  Vehicle  Axis) 
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2.  Cag«  and  Scaring  i©e?ssi&ry  Ser&daing 

(C)  The  cage  and  beatir.g  geoir^t^y  screening  teste  erad  th@  rnd&renee  tests 
sve  euessarited  in  gsSI®  SKIS,  Eleven  teste  wr#  conducted  lor  cage  and 
bearing  ^sesstry  sef««nls$  feqsfc?,,  As  a  result  of  shaa«  tests  a  bearing 
configuration  *<#4%  selected  rot  eMusrance  touting  consisting  of  klBl  440S 
material  railtrs  and  ?4eao,  an  outer  race  piloted  Ar-salen  cage  with 
0«G4O*ineh  tot&i  seii4?  end  to  innst  race  flange  clearance,  negative 
internal  iaditl  clasruecs  was  uar3  to  provide  reUar  preload .  these 
tests  mi  the  fearing  design  approach  are.  discussed  in  detail  in  the 
following  paragraphs, 

&,  Ssaign  Approach 

(C)  Previous  testa  were  conducted  on  similar  roller  bear  in  go  for  the  high 
pressure  liquid  hydfogan  pasig  (Contract  KAS8-  U.734)  and  on  the  XR4U 
bearing  progr&a,  fho m  tests  indicated  that  after  selecting  a  cage  with 
sufficient  iato^i^y,  teller  end  wear  was  moat  ilka;*  V  ho  the  main 
problem  in  obtfinirjg  a  10*hour  besting  life, 

(y)  fhc  approaches  for  and-waar  control  in  these  schessae  art  s  (1)  the  use 
si  cage  materials  that  transfer  coatings  to  the  races,  toilets,  and  sella 
end  (2)  the  use  of  more  compatible  wear  materials  for  the  rollers  an) 
rails.  Use  following  schemas  shown  in  figure  171  were  evaluated  in  the 
bearing  test  rig* 

lt  Scheme  i  consists  of  an  inner- land- riding,  eluminus- ehreudvd 
Saioit-H  cage*  which  is  constructed  such  that  the  Sale*  extends 
Into  the  flanged  inner  race,  thus,  transferring  the  3alox*>H 
lubricant  to  the  rails  of  the  inner  race  and  the  roller  ends, 

2.  Schema  X  consists  of  a  flanged  outer  race  incorporating 
giriura  fA»10  Uaded-bronse  inserts  as  a  wear  surface  for  the 
roller  ends.  An  inner-tsnd-rlding  Arsslon  cage  is  used, 

5,  Scheme  3  consists  of  a  flanged  outer  race  aaaeshly  incor¬ 
porating  Pol yields  <§?-4)  inserts  as  wear  snrfecee  for  the 
roller  ends,  An  inner-iand-riding  armored  Sales -14  cage 
in  m%£. 

4.  Schema  4  consists  ©£  a  flanged  inner  race  and  inner  race 
sida  rail*  incorporating  flama-depositsd  tungsten- carblde- 
eoatsd  inserts  as  wear  mwi&euu  for  the  roUer  ends.  An 
r- isnd- r id in  g  #©ly imide  SP-i  cage  is  used, 

3,  Sshess  3  iseorferatos  &  l^ricast  sea  tins  as  the  roller 

ends,  the  testing  consists  pi-4  misiure  of  graphite  and 
geld  powdet-slth  fealybdosua  disulfide,  An  outer- land- 
elding  Araslos  e^ge  ig  m^4t  -----  ' 


d  ttlli  lt»Y^ 


m 


\ve  ]jt  **tt  *  ££i i*  ha  ***i«at6  i»6i5«  roUfJt  §!iUl  V?5«V‘  ghbsgftSS  d«0 

to  toi mmt  g»«  candidate  gftd  taring  gsen&rles  set  dfseuegsd  is 

e®tsj  1  i«  she  goiletfisg  p&ragt&phe  - 


<€)  t**$  Ho,  t  jiaoerporsfced  tt&ndesd  inner  race  2\ang@4  4SS1  52180 
ss 'serial  h^sio&s  with  At*saion  ea sa r- r a ca» e  1 1 et eO  saps  (icUrms  5). 
the  roller  aa«s  mz&  ao«tsd  vi  ih  a  lubriesnt  cans  Ip  sing  oi  t  mlstyrs 
of  graphite  and  pk5  fitter  Kith  Ralybdenuia  dtsuifida*  to  establish 
a  bantUot  for  separative  evaluation  of  designs  toy  minimising  roller 
end  w««r,  this  a«mCi$sr&fcioc  completed  a  iHbrainuia  test  at  4i*900 
with  a  ffsdiai  lead  of  VrOQ  lb*  &  asst- seat  inspection  s£  she  bearings 
indieatoa  high  toller  «ns  woar,  end  slight  esge  <hls®in$ti«n  had.  started 
at  tws.'  loastiona  os  ea®  of  the  A  region  $sp& ,  Uu?  test  Imsring,  which 
is  ideated  «U roetiy  andsr  the  applied  teed,  shewed  roller  end  m&z  on 
noth  ends  of  the  roller*  for  a  fcsfcei  of  0,0115  Inch,  'shlle  the  other 
hasting  had  an  average  of  0,003  2 -In  eh  toiler  tad  ve$r  o?>ly  on  the  end 
sws^  izm,  ths  leaded  bearing*  fhs  swSitios?  ait  the  sags  and 

toilets  is  ahesrn  in  figures  172,  l?3s  ssnf  174* 
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g«s*  i>2,  hrmim  £-*gs  Ixsas  Stating  - 
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\i55  Ms,  2  incorporated  two  test  bearings  that-  had  flanged  inner  t& c«§ 

srstii  sis®  rails  i  UCO?  por  ti  1  i83}^"^^j?W3S  i  lis  J^P  V«  a  b  iw  *  »* 

ssuriaess  lor  the  roller  ends  and  crater- land- rissicg  Poly laid®  (SF-1)  eagfea. 
Test  Ho,  2  was  conducted  ca  u  April  Iso?, 
accelerate  foiicwing  the  LHj  coolucwn,  h  fssfdowti  Inspection 
heavy'  wear  cf  the  &id&  rails  of  the  test  bearing  located  undgr  the  load 
ring.  The  iaasisu&-  spsed  attained  during  this  test  wa#  less  than  1000  rpaw 
The  post- tea;  condition  el  the  side  rella  is  shewn  In  figure  ?75,  The 
Polyimide  (bP-1)  c«g§  showed  no  signs  of  distress.  The  ether  test  snaring 
showed  no  evidence  of  dasoags  and  was  used  Li  the  following  build  of  the 
teat  rig. 


Figure  175.  Inner  Race  fro®  Searing  S/H  C-2  FE  68704 

Showing  Worn  Side  Rails  After 
Operation  at  Speed  Leas;  than 
1000  rptR 

<£)  In  tm  He,  3,  the  bearing  configuration  under  the  load  ring  was  an 
off- the- sb  If  flanged-outer- race  bearing  with  an  outer- lend- riding 
Ariaalon  sag©.  This  configuration* was  tasted  to  establish  a  baseline 
for  evaluating  fianged-out^r-racs  end  wear  schemes.  The  other  test 
bearing  was  the  flame- plated  tungsten- carbide  inner  £i4a  rail  and 
Polyimid©  (SP-l)  cage  configuration  ugad  in  test  Ho,  3,  She  test  on 
this  configuration  was  terminated  after  ?  isinuies  at  48,088  rpjs  upon 
indication  of  an  excessive  bearing  outer  r&ce  laspsra ium  gad  high  rig 
power  requirements.  Inspection  after  dissssamfcly  tav&%le&  that  the 
Armalon  cage  f  under  the  applied  radial  load,  had  severely  burnished  on 
the  outside  disaster  in  contact  with  the  side  rails  and  failed  in  four 
of  the  roller  pockets  ss  shwn  is  figure  176,  The  mvsts  burnishing 
of  the  cage  in  contact  with  the  outer  race  aid®  rails  was  caused  by  a 
caga  diametral  growth  of  0,030  inch  on  the  mmt  diameter  of  the  riba 
between  the  roller  pockets  where  sotse  dalosin&sion  of  the  ribs  had 
started  because  the  fibers  were  cut  by  the  side  rail  ®dg?s.  The  ribs 
between  the  rolls?  pocket*  wore  unsupported  by  the  outer  race,  The 
aroa  in  contact  with  the  outer  race  side  rails  ted  a  total,  wear  of 
0,0*2  loch  on  the  digastsr,  The  roller a ,  except  the  two  from  the  failed 
roller  pockets,  had  experienced  a  growth  of  0,0082  to  0,0005  inch  in 


0v®?sll  length  La  cause  of  material  transfer  frees  the  ^t®?  race  aid®  rails 
Two  rollers  in  the  failed  roller  pockets  bad  heavy  (0.040  Inch)  sod  wear. 
The  fiset-test  condition  of  t* «?  rollers  from  this  bearing  is  shown  in 
figure  17? i  fht  aide  rails  ot  the  other  hearing  wero  wc.n  heavily, 
similar  to  the  vf«*;r  on  the  bearing  of  the  same  configuration  that  was 
tested  in  Build  So,  2  as  shown  in  figure  178.  The  Fclyimid®  <SP-l) 
edge  was  in  excellent  condition  with  alight  wear  patterns  on  the  caj,o 
outside  diameter  and  roller  pockets  as  shown  in  figure  17$,  The  tellers 
had  an  average  total  end  wear  e£  only  approximately  O.COuS  inch  despite 
the  poor  condition  of  the  side  rails,  which  wora  heavily  during  the  test. 
Ths  post- teat  condition  of  tha  rollers  is  shown  in  figure  180. 

(U)  A  failure  Investigation  was  completed  on  the  flame- plated  tungsten- 
c&rbids  aids  fails  from  bearing  S/N  C'  1  used  on  tests  No.  2  and  3  and 
bearing  S/N  C-2  used  on  t®at  No.  2  only.  A  aat&Uographic  analysis  showed 
that  the  roller?  had  rubbed  ag^’-.kt  the  base  metal  and  not  the  tungsten- 
carbide  surface  as  intended.  It  was  determined  that  during  the  finishing 
operation,  after  plating,  the  vendor  had  ground  ani  leppad  the  unplated 
side.  From  visual  inspection,  the  part  was  installed  in  a  manner  that 
allowed  the  roilrrs  to  rub  against  the  base  material.  Changes  to  the 
side  rail  design  consisting  of  s  chamber  on  one  side  only  were  mad®  to 
establish  a  rat^rence  surface  bufore  the  flame  plating  is  applied. 
Fallowing  fiame  plating,  thi3  same  reference  used  to  grind  the 
plating  to  the  desired  thickness.  Additional  aids  rails  to  this  new 
configuration  were  procured  and  tested  on  test  No.  8. 


Figure  176,  Arroalon  Cage  With  Failed  Poekrts 
from  Bearing  S/N  C-2A  After 
7  Minutes  at  48,000  rpm 
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on  inner  race  flanges  in  both  bearings*  The  bearing  in  the  reaction 
position  used  a  standard  flanged  outer  race,  Ifte  loaded  bearing  incor¬ 
porated  seller  end  wsar  Scheme  3  (SF-4  Folyimide  inserts  in  the  outer 
race  flanges  as  rub  surfaces  for  the  rollers) .  Figures  ISl  and  132 
shew  the  detail  bearing  parts  prior  to  assembly.  Teat  Ho,  4  wae  attempted 
on  9  Hay  !§&?;  however,  the  test  was  terminated  after  one  minute  of  oper¬ 
ation  at  43,000  rps  because  of  an  increase  of  the  reaction  bearing  outer 
r&es  temperature.  Inspection  after  disassembly  revealed  a  cage  failure 
of  the  reaction  bearing.  The  post- teat  conditions  of  the  test  bearings 
ara  ehowa  in  figure  133  and  184,  Th®  folyimid®  (8F-4)  inserts  of  the 
flanged  outer  rsso  showed  no  signs  of  distress  and  thi  rollers  chased 
no  end  wear,  the  roller  end  wear  was  0.0U  and  0,015  in,  on  the  two 
rollers  from  the  failed  pocUats  on  the  standard  outer- race- flanged 
bearing  in  the  reaction  position.  The  other  rollers  from  this  bearing 
had  no  measurable  end  wear. 


(0)  The  failure  analysis  of  the  shrouded  Salov-M  cage  from  bearing 
®/N  F-lA  used  in  test  Ho,  4  revealed  a  fabrication  problem,  Tha  sag® 
failure  originated  at  a  crack  in  the  aluminum  shroud  at  a  rivet  location 
similar  to  those  shown  in  figure  185,  Figure  186  shows  sisailar  erst to 
in  the  cage  from  bearing  S/K  F-2A  that  did  net  fail.  The  aluminum  alloy 
shroud  was  overheated  in  th®  areas  of  the  rivats  during  hot  upsetting 
operations ,  To  alleviate  this  problem,  the  rivets  aero  TXG-welded  to 
the  rivet  heads,  A  cage  was  fabricated  by  this  method,  and  &  ssiere- 
structure  analysis  showed  no  heat-affected  cone  at  the  rival  locations, 
fhis  technique  was  used  in  the  fabrication  of  tha  shrouded  Salos-H 
cages  used  on  subsequant  teats. 


Figure  181,  How  Condition  Scaring  Details, 
Sm  F-2A 
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Figure  186.  Salox-M  Cage  from  Bearing  S/S  F-2A  FB  69452 

Showing  Several  Asia!  Cracks  at 
Rivet  Locations  After  t  Minute  at 
48,000  rpm 

CJ)  A  potential  problem  existed  in  the  method  of  supplying  coolant  flow 
to  the  test  bearings.  The  total  rig  flow  was  channeled  through  the  two 
test  bearings  m  series  allowing  debris  from  <n\e  bearing  to  contaminate 
the  other.  A  rig  modification  to  introduce  the  total  coolant  flow  between 
the  two  test  bearings  and  to  discharge  50%  through  each  bearing  was  com*  I 

pie ted  following  test  Mo.  4  and  was  successfully  used  during  test  Mo.  5  j 

and  all  subsequent  teats. 

(C)  Test  Mo.  5  was  the  first  of  two  planned  bearing  teats  under  an  XB&D 
program.  This  test  was  conducted  as  part  of  the  evaluation  of  AXSX  440C 
material  roller  bearings.  This  build  incorporated  AXSX  440C  material 
bearings  with  inner  race  flanges  and  Folylmlde  (SJr-1)  cages.  The  loaded 
bearing  incorporated  0.0008* inch  roller  end  clearance,  end  the  reaction 
bearing  had  0,040* inch  roller  end  clearance  toe  valuer#  the  effect  of 
increased  clearance.  Both  bearings  incorporated  an  interference  infernal 
radial  fit  between  the  races  and  rollers  to  provide  high  radial  stiffness. 

This  configuration  was  tested  on  26  May  1967.  The  test  was  terminated 
at  20,000  rpm  during  the  acceleration  because  of  an  increase  in  the 
bearing  outer  race  temperature  and  rig  power  requirements,  A  post* test 
inspection  revealed  that  the  Folyimide  cage  of  <&e  loaded  bearing  had 
failed.  The  failure  occurred  at  one  section  o£  the  cage  as  shown  in 
figure  187,  The  rollers,  except  for  the  two  from  the  failed  roller  pockets, 
had  ,o  measurable  end  wear.  The  two  rollers  in  the  failed  pockets  had 
0.0003- and  0.001- inch,  end  wear.  The  other  bearing  with  0.040- inch  roller 
end  clearance  showed  no  end  wear, 

(C)  The  second  of  two  planned  tests  under  an  XM&D  program  as  part  of  the 
evaluation  of  AXSX  440C  material  roller  bearings  was  conducted  as  test 
Mo,  6,  This  teat  incorporated  -as  AXSX  440C  bearing  in  the  loaded  | 

position  and  one  AXSX  52100  bearing  in  the  reaction  location  Both  used  j 

Armalon  cages,  0,040- inch  roller  end  clearance,  and  G.OQi-  and  0, 0011-inch,  j 

respectively,  interference  internal  radial  fit  at  assembly  between  the  | 


230 


rollers  a «4  races.  a  pest- test  inspection  after  15- sleuth  duration 
re  AS .OC-v  i’psi  indicated  so  f^Hsr  end  wear  on  the  &X3I  440C 

r^’isirs  while  the  MSI  52100  relics  had  an  average  total  end  wear  of 
Q,JKH)3  inch. 

(U)  Tast  Ho,  7  incorporated  Folyimldn  S?-<1  outer  race  side  rail  inserts 
and  shrouded  Salox-H  cages.  Testing  of  this  build  was  eteeapted  on 
20  Juno  1967 1,  however,  the  rig  failed  to  accelerate  following  the  LH2 
cooldown,  A  t^aidown  Inspection  and  the  hHj*  testing  indicated  that  the 
thermal  contraction  of  the  shrouded  Saiea-M  sags  ms  greater  than  pre¬ 
dicted,  and  this  prevented  rotation. 


Figure  m.  Searing  8/H  H-2  .fect«V§4i.t  Condition  FE  69931 
Showing  Poiyimide  (SP-i)  vggo  After 
Failure  During  Acceleration 


(U)  Failure  of  the  rig  to  rotate  during  test  Ho.  7  was  attributed  to 
distortion  during  thermal  contraction  of  the  new  design  s'sr&udcd  Sal  ok- H 
cage  configuration  with  4  rivets  instead  of  16  to  retain  the  aluminum 
shroud  and  the  Saiost«K.  tiquid  nitrogen  testing  of  the  original  design 
cage  with  16  rivet®  and  the  revised  configuration  with  4  rivets  indicated 
a  thermal  contraction  of  approximately  Q.QgS  inch  for  the  revised  cage, 
as  opposed  to  0.017  inch  for  ch®  original  c4g§,  Ihs  original  cage  with 
rivets  at  16  locations  was  able  to  restrain  ihs  Sal ost-M  during  thermal 
contraction.  The  new  design  shrouded  Salax-M  cags  wss  rsyisad  to  incor¬ 
porate  an  additional  12  rivatc  sftd  the  thasfsal  contraction  was  verified 
by  liquid  nitrogen  tasking  so  j®  satisfactory  before  use  on  test  Ho.  9. 
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<CJ  Test  tic.  3 ,  union  iauucpw?«|«il  fiSmw-jliiSu  tungsten:  sArtids  lasfS 
raes  aids  rails  and  Attics  £s§&.  »«*■  somjt'i^ssd  for  &\&  ptsistssa 
l§»«iflut@  durction  or  2?  June  ISA?.  fhfe  bmt’>n$  outor  rises tispe-aturg 
remained  teiaw  60s  k.  although  a  proWess  occurred  in  eoatrsUitvg  the 
coolant  f iow v  A  teatde-Wfc  Insertion  indicated  sa  average  collor  sad 
ws«r  of  0.0029  inch  in  th*  leaded  tearing  and  £5,CH5A3  inch  it  the  reaction 
bearing.  Tha  rollers  from  bosh  tear  lap  wo  vs  worn  on  both  ends,  The 
reaction  heaving  Asrsslon  c&ge  had  #lps  of  minor  delaminatien  as  one 
location.  A  metal  logsrapbic  inspection  el  tha  tungstan^carhlds  side  rails 
showed  the  hardcost  to  be  0.0026*  Invh  thick  in  unworn  which  la 

within  the  print,  requirement  of  0.002  to  0.003  inch.  The  roU®rs  had 
worn  ths  coating  down  so  the  basic  mtel  Is  the  areas  of  tha  highest 
wear  near  eh®  outer  diameter  of  ths  aide  rails,  Tho  tungsten-carbide 
seating  was  of  good  quality  with  a  satisfactory  hardness  and  good  beading 
to  tha  bets  material. 

<!j>  Test  Ho.  9,  which  Incorporated  Felyimlde  (SF-4)  outer  race  aide  rail 
Inserts  and  shrouded  Salex-M  cages-y  was  conducted  on  12  July  1967.  The 
teat  was  terminated  during  tho  acceleration  hsc&usa  of  a  temperature 
rise  of  the  reaction  bearing  outer  race.  A  past»tast  teardowo  inspection 
indicated  that  the  cage  of  the  react ion  bearing  failed  as  shown  in  fig¬ 
ure  188,  A  failure  analysis  ol  the  cage  showed  that  the  aluminum  alloy 
&«a?r  failed  becauso  of  ovaratroas.  The  PelyliSide  <S?»4)  aide  rail 
inserts  of  tho  reaction  bearing  ware  eomplettiy  destroyed,  The  Folyimide 
<3f»4)  side  rail  inserts  of  tho  leaded  tearing  failed  at  one  location  as 
shown  in  figure  189,  A  30-degree  segment  o?  fchs  folyimide  (SP-4)  side 
rail  insert  was  separated  from  the  ring,  fte  shrouded  Saios-H  cage  of 
tha  loaded  bearing  showed  no  signs  of  distress  as  shown  in  figure  190. 


Figure  188.  Outer  EAcs  Assembly  and  failed  FE  7089& 

Shrouded  Ssiox-M  Cfgc  (8/8  H-?) 
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<G)  t&nt  te,  i$h  which  incorporated  Hadgd-Vyonst  cute*  race  side  rail 
inserts  as  put1  r^Hur-cte-wear  Sshetss  Ho,  £}  sith  juppiRmsr.ttry  sida- 
*gii  cooling  snS  ^rs&lon  cages  in  boss  b fusing,  location,  wss  ssads-Stcg 
cm  20  July  U67,  She  bvst  wts  Hrsin&ted  after  l  minute  at  4S4000  rps 
bggguse  of  «  sudden  .tna^rpturs  riss  of  the  reaction  besting  outer  r&ce0 
A  pest- test  teurdows  iasp^hiios  indicated  that  th«  Iscderi-brbim  side 
rails  of  the  section  bfysrisg  hed  failed  as  shewn  in  figure  191,  the 
failure  analysis  of  the  S-eas&d- browse  aide  rails  showed  covers  m&x  fms 
roller  end  rub,  the  aids  rails  fre»  the  reaction  bearing  had  worn 
approximately  0,080  inch  and  cka  loaded  tearing  aids  rails  had  0,020«iact 
mat.  The  rollers  had  An  average  and  want  of  0,0067$  inch  on  the  reaction 
bearing  and  0,00036  inch  on  the  loaded  tearing.  Figure  192  $hm?«  a  sag- 
mane  of  "he  outer  race  with  the  worn  l«aded»bronas  aide  rail*,  there  «re 
indications  that  a  surface  temperature  of  at  Hast  50Q°F  was  experienced 
on  the  surface  of  the  «.o,  on  bearing  side  rails  as  evidenced  by  the 
molted  lead.  The  local  >•*»,  v-‘ng  of  the  aids  rails  appears  to  hava 
resulted  from  the  reduction  in  physical  properties  of  the  leaded-bronsa 
at  the  elevated  temperature,  Thfc  most  severe  side  rail  wear  occurred 
in  two  areas  ISO  degrees  apart  or  the  two  side  rails  and  in  Has  with 
the  applied  1700- lb  radial  load,  This  indicates  that  the  rollers  may 
have  skewed  when  passing  through  the  unloaded  tone  or  that  ^nner  to 
outer  race  misalignment  caused  axial  movement  of  the  rollers  into  the 
side  rails,  .this  skewing  or  axial  movement  became  progressively  worse 
as  a  result  of  both  side  rail  wear  and  local  yielding. 


Figure  191.  Outer  Sace  Assembly  Showing 
Failed  Leaded-Sronee  Inserts 
(S/N  P-l) 
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Figure  192.  Outer  Assembly  Shewing 
Side  Rail  W'aar  <S/B  F*2) 
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CS)  Teat  No.  il  f  which  incorporated  inner  fa ea  piletid  shsend^ti  SsIwe^v 
c&aea  per  toller-iad-wear  Scheme  a®.  l»  eejtduolaid  en  2  Angus 6 
The  cage  «vsH>r  materi*!  ass  changed  ftoa  aluminum  CMS  4721.)  tp  eeain^is 
steel  (AH3  3364}  to  increase  the  mgs  strength.  Tit®  eegs  eaaewuf  »a* 
riveted  it,  16  location©  to  reduce  the  thermal  distortion  sapa ’•leaned 
when  only  four  rivets  wars  used  to  «££?>«*  the  shroud  t.  ss  pccurree  on 
teat  $o.  7.  The  test  was  famine  ted  liter  §  misses  at  &MvD  -*P», 
ha  cause  of  a  vibration  increase  from  a  level  p|  6  g  «  to  3Qga,  She 
bearing  outer  race  thermocouples  did  not  show  a  temperature  *,n®**as|fj-  , 
during  the  test,  A  teafdown  inspection  ravf-alad  that  6h®  reaction.  bs«li 
inneAsee  had  cracked  as  shown  in  figure  193.  The  faU^ra  analysis  o| 
the  detail  part®  indicates  that  the  reaction  bearing  ^nsrracecri-ted 
as  a  recult  of  the  propagation  of  #  thermal  crack  in  the  AISX  440C 
matariel.  The  thermal  cracks  in  the  inter  race  side  rail  cuter  diameter 
ware  the  result  of  rubbing  of  the  AMS  5664  sage  amor  ajah  M**" 
ure  194.  Tlia  armor  rubbed  because  the  Ss.ox-M  in  the  arsa  that  guid 
ths  cage  was  worn  as  a  result  of  cage  unbalance. 


193,  Pc3i“fe3?  No,  1 1  Condition  of  Inner 
§sct  from  the  Reaction  Bearing 
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Figure  194,  Post-Test  Kq,  ii  Condition  of  Saga  FE  71239 

from  Reaction  Bearing  Shewing  Sub 
Area  on  Cage  Armor 

3,  Endurance  Tests 

(0)  The  bearing  configuration  selected  for  endurance  testing  consisted  of 
AXSI  440C  material  rollers  and  races,  an  outer-  rase-  piloted  A  maloti  cage,' 
increased  roller  end  clearance  with  the  flanged  inner  race  (0,040  inch 
total)  and  negative  internal  radial  clearance  (0.0013  inch  at  assembly 
on  both  bearings)  to  provide  roller  preload.  Endurance  testing  of  __ 
Build  Ho.  12  was  attempted  on  11  August  1967.  The  test  was  tsrais&ted 
after  l  hour  and  32  minutes  of  duration  at  46,000  rpro  because  ok  excessive 
vibration.  A  teardown  iaspeetior  revealed  that  the  reaction  hearing 
had  one  damaged  roliur,  as  shown  in  figure  195.  Hie  other  rollers  were 
in  excellent  condition  with  only  0.0002-inch  wear  on  ths  roller  with  the 
maximum  wear.  The  average  roller  end  wear  was  0.00006  inch.  The  inner 
race  chipping  shown  in  figure  195  was  caused  by  '.mpsefc  from  the  damaged 
roller.  The  Armalon  Cage  was  in  good  conditio.,  except  for  tbs  one  pocket 
that  contained  the  damaged  roller.  The  bearing  in  the  load  ring  location 
was  in  good  condition  as  shewn  in  figure  195, with  slight  roller  end  wear 
that  averaged  0.0008  inch, 

t  *  An  analysis  of  the  barring  configuration  tested  in  Build  ^0,  12  indi¬ 
cated  th  1 t  the  rollers  opposite  *he  applied  load  did  not  have  &n  inter¬ 
ference  r.  dial  internal  clearance  when  a  1700-lb  radial  laid  wag  applied 
with  the  t  rig  cold  ftnd  not  rotating.  This  condition  could  permit 
roller  skewing  or  skidding  during  an  acceleration  to  operating  speed 
that  could  wsuse  the  failure,  noted.  Analysis  indicated  that  a  further 
reduction  in  internal  clearance  would  maintain  s  loaded  condition  on  a)1 
the  rallnrc  under  all  operating  conditions.  This  change  was  ineotpore  ysa 
ia  Build  Ho.  13  for  the  second  endurance  teat. 
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iv)  Build  Ho.  13  COB  bw«s*li»»  tig  incorporated  lh*  sas*  yon figuration 
in  both  cwefc  bearing  1 vest tons.  this  consign  rs  ?.  ion  c  ensiflfcad  e?  41SX  440C 
asteris!  rollers  and  rseso  an  outsr-rscs* piloted  Asmslm  cage,  0.0*0- inch 
roller  en<i  eioar&nce  witn  the  flengsd  inns?  resa,  and  O.OQ25* inch  negative 
intamal  radial  clearance  at  assembly  between  the  rollers  and  ra css,  the 
thickness  of  the  enter  race  was  appreximstely  0.155  inch  on  thes«  bearing® 
as  compared  to  a  thickness  of  approximately  0.22?  inch  on  a  standard 
outer  race  for  a  besting  of  this  aits.  This  ihinaor  outer  rase  permits 
a  larger  negative  internal  radial  clearance  to  be  incorporated  in  ts.® 
hearing  without  reducing  th®  bearing  fatigue  life,  this  build  of  the  rig 
accumulated  4  hours  and  4r  minutes  and  had  two  slave  ball  hearing  failures 
on  the  turbine  drive  and  of  the  rig,  The  first  failure  of  the  slave  ball 
hearing  occurred  after  4  hours  and  35  minutes  o£  testing  at  design  apsad, 
This  bearing  vss  replaced  without  disassembly  of  the  t«st  roller  bearings 
and  the  endurance  testing  was  resumed.  This  test  was  terminated  after 
10  additional  isinatas  of  operation  at  design  speed  because  a  temperature 
rise  on  the  a  lava  bearing  outer  race  indicated  another  failure  of  this 
bearing. 


(U)  The  rig  was  disassembled  to  determine  the  cause  of  the  alsv®  bearing 
failures.  A  dynamic  balance  cheek  indicated  a  high  unbalance  condition 
In  the  rotor  assembly.  The  turbine  retainer  iu%  was  worn  such  that 
indexing  of  the  turbine  was  not  properly  maintained.  This  discrepancy  gad 
the  inability  to  rebalance  the  rotor  during  the  previous  rebuild  could 
caus-s  the  unbalance  and  produca  the  typo  of  failures  experienced  on  the 
slave  ball  bearing.  The  ball  track  on  the  races  did  not  indicate  &  thrust 
load  on  the  bearing.  This  thrust  load  on  the  ball  bearing  is  desirable 
to  provide  capability  for  a  radial  load  such  as  that  generated  by  a  dynamic 
unbalance  condition  of  the  rotor.  Additional  instrufssntatiofi  was  incor¬ 
porated  on  ch$  turblna  drive  unit  to  provide  data  for  calculation  of  the 
axial  thrust  on  the  slave  ball  bearing. 

{£)  The  test  roller  bearings  were  in  good  condition  with  an  average  of 
0.0009- inch  end  wear  and  0=0026- inch  end  max  on  the  roller  with  maxima® 
wear  in  the  load  ring  position.  The  reaction  position  bearing  had  an 
average  roller  end  wear  of  0.0003  inch  and  0,0005- inch  end  wear  on 
ths  roller  with  mast mum  end  wear. 

(0)  The  came  two  test  bearings  were  incorporated  in  Build  Ho.  14 s which 
refurbished  she  turbine  retainer  lug,  and  included  a  new  drive  turbine, 
labyrinth  seal,  spacer  and  alova  fcsll  bearing,  A  dynamic  balance  of  the 
turbine  and  shaft  details  was  made  prior  to  the  final  rotor  assembly 
balance, 

<Q  Tossing  was  resumed  on  12  September  1967  and  an  addif'-'osl  2  hoars 
and  41  minutes  were  accumulated  st  design  speed  for  a  tot  of  7  hours 

snd  26  minutes  on  both  test  bearings.  The  test  was  tcrml.  ,e4  because 
of  an  increase  in  rig  puwer  requirements ,  A  teardown  inspection  revealed 
erne  damaged  roller  in  the  loaded  besting  as  shown  In  figure  197.  Shis 
roller  was  worn  on  both  ends,  h&d  a  total  of  0. 055-inch  roller  end  wear, 
and  the  roller  diesseter  hsd  worn  0.003  inch,  This  w»e  the  roller  with 
saxinv-a  end  west  on  the  previous  test.  The  remaining  rollers  were  in 
excellent  condition  with  an  average  of  0. 0011-inch  end  wear  and  9,0027*in«h 
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end  wear  on  the  roller  with  .-sasimum  end  year*  Tha  reaction  bearing 
was  in  ©Kcollent  condition  with  an  average  roller  end  wear  of  0.Q9Q3  inch 
and  S.bOOS-inch  end  wear  on  the  roller  with  taaxiv'ura  end  west. 


figure  197,  Post-Teat  Ho.  14  Condition  of  FE  72598 

Load  Bearing  S/N  S-2  After 
7  Hours  and  26  minutes  at 
Design  Speed 

(U)  Procure  measurements  taken  during  this  test  Indlca  :ed  a  very  low 
thrust  load  on  the  slave  ball  bearing,  A  valve  was  Installed  In  the 
fcurblws  discharge  line  to  provide  a  method  of  adjusting  the  turbine 
back  pressure  and  in  turn  the  rotor  thrust.  This  change  and  the  improve¬ 
ments  in  tha  rotor  dynamic  balance  sepear  to  have  solved  the  problem 
with  the  slave  tali  bearing  that  operated  satisfactorily  during  the  sub¬ 
sequent  tsstlng, 

IS)  Build  Ho,  15  incorporated  the  same  reaction  bearing  and  a  new  bearing 
in  tha  i©M  ring  position.  Th@  Internal  radial  clearance  of  the  new  load 
bearing  was  reduesd  &«  additional  0.0002  inch  for  a  total  interference 
fit  of  9,002?  inch  at  assembly  In  an  attempt  to  prevent  roller  shewing 
in  the  unloaded  rone  of  the  bearing.  One  hour  and  19  minutes  of  testing 
-si  design  sp^ed  was  accumulated  on  this  configuration  on  22  September  1967, 
This  test  was  terminated  when  the  power  to  drive  the  test  rig  Increased. 
There  was  no  indication  of  temper Jture  rise  on  the  bsarir.g  races  or 
increase  la  the  vibration  level . 

(C)  fsssrdewn  inspection  revealed  vne  damaged  roller  in  the  load  ring 
position  which  hid  been  Installed  new  for  this  build  sa  shown  in  fig¬ 
ure  198,  The  oth&r  rollers  were  Iv  very  good  condition  with  no  measur* 
able  end  asar,  Tha  Arsalon  cage  w<is  in  good  condition  except  for  the 
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one  packet  that  contained  the  failed  roller,  The  reaction  bearing 
that  had  accumulated  a  total  of  8  hours  and  45  minutes  at  ucoi.gr. 
spaed  was  still  in  excellent  condition  with  an  average  roller  end  wear 
o€  0 . 0004  inch  and  0.0007- inch  end  wear  on  the  roller  with  maximum  end 
wear. 


Figure  198.  Post-Test  No.  15  Condition  of  FS  72597 

Load  Bearing  S/N  T-2  Afcnr 
1  Hour  and  19  Minutes  at  Design 
Speed 

(C)  On  Build  Nc,  16  the  load  bearing  was  replaced  with  a  new  bearing 
with  a  further  reduction  (0.0011  inch  at  assembly)  in  internal  racual 
clearance  for  a  total  interference  fit  of  0.0038  inch  to  eliminate  the 
unloaded  zone  of  this  bearing.  It  is  calculated  that  a  radial  load  of 
approximately  2300  lb  would  be  required  to  deflect  this  bearing  and 
create  an  unloaded  zone  with  this  0.0038- inch  interference  fit.  The 
same  reaction  bearing  was  used  and  an  oddltior.ul  3  hours  and  50  minutes 
of  testing  was  accumulated  before  the  test  was  terminated  because  of 
an  increase  in  rig  power  requirements  and  an  increase  in  the  outer  race 
temperature  on  the  load  bearing, 

(C)  A  teardown  inspection  revealed -that  the  load  besting  had  a  cracked 
outer  race  and  one  failed  roller  as  snown  in  figures  199  and  2GC.  The 
other  rollers  were  in  very  good  condition  with  no  moasureabie  roller 
end  wear  except  for  0.00005- inch  end  wear  on  one  roller.  The  cage  was 
in  good  condition  except  iot  the  one  damaged  roller  pocket  that  contained 
the  failed  roller.  The  reaction  bearing  that  had  now  accumulated  12  hours 
and  35  minutes  st  design  speed  was  in  excellent  condition  as  shown  in 


figure  201.  T life  average  reiier  end  met  ws«  G.00C41  inch  with  0.0Q0?-i«eh 
wear  on  the  roller  with  maximum  end  wear,  which  l»  the  same  wear  recorded 
after  8  hours  and  45  minutes  of  testing. 

(U)  An  analysis  of  the  cracked  outer  race  indicates  that  the  race  failud 
as  the  result  of  a  fatigue  crack  that  started  at  the  race  outer  diameter 
and  progressed  toward  the  inner  diameter.  This  fatigue  crack  progressed 
approximately  75%  of  the  thickness  of  the  race  before  the  race  failed 
from  tensile  overstress.  There  is  evidence  that  the  outer  race  fretted 
in  the  load  ring  as  shown  in  figure  202.  Because  this  fretted  area  is 
almost  directly  under  the  applied  radial  load, it  appears  that  the  torque 
on  the  outer  race  retaining  nut  was  not  sufficient  to  retain  the  outer 
race  relative  to  the  load  ring.  The  calculated  combined  stresses  in 
the  outer  race  that  are  generated  by  the  rollers  both  in  hoop  and  bending 
are  not  of  sufficient  magnitude  to  cause  the  failure.  However,  these 
stresses  could  be  high  enough  to  cause  a  failure  if  a  large  stress  con¬ 
centration  was  available  as  in  the  case  of  the  fretting.  Similar  failures 
on  oil  lubricated  bearings  have  been  reported  in  literature. 

(U)  On  future  tests  of  this  bearing  configuration  it  is  recommended  that 
steps  be  taken  to  prevent  or  min  .nizc  this  fretting.  These  ateps  could 
consist  of  increasing  the  torque  on  the  race  retaining  nut  and  applying 
a  coating  to  prevent  the  metal -to-metal  contact  between  the  race  and  load 
ring. 


Figure  19S.  Post-f«?3fc  No,  16  Condition  of  Outer  FE  72502 
Race  from  hood  Bearing  S/N  U-2  Showing 
Cracked  Outer  llace  After  3  Hours  and 
50  Minutes  of  Testing  at  48,000  rpm 
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2.  m$f  WAGtllTi  AND  H0CEBURE3 

1.  ?98t  Facility, 

(U)  Figure  203  ifi  a  schematic  drawing  of  the  teat  facility  used  for  the 
bearing  tests,  this  test  facility  in  }  sed  with  a  vacuum  Jacketed 
supply  dcwar  that  furnishes  the  required  liquid  hydrogen  to  the  test  r ijj. 
The  rig  discharges  Into  a  vacuum  jathoi?4  recovery  dewar  that  is  v-itad 
to  a  burn  stack  as  required  to  maintain  the  desired  tank  pressure,  the 
total  liquid  hydrogen  required  for  a  t*st.  ras  reduced  by  recycling  the 
liquid  hydrogen  from  the  recovery  g&ht'X  back  into  the  supply  dewar  fol¬ 
lowing  a  test  cycle. 

(15)  the  facility  is  also  equipped  wit.-,  a  gaseous  nitrogen  supply  for  the 
pneumatic  load  piston  and  the  drive  tirbiue  used  to  rotate  the  test  rig, 
Caseous  nitrogen  and  gaseous  hydroger  provisions  are  also  available  for 
purging  the  system  and  for  tank  pitasurla&tion,  but  thes©  were  not  included 
on  the  schematic  for  clarity  purposes,  instrumentation  locations  and  types 
are  also  shewn  on  figure  203 . 

2,  teat  Procedures 

CO  Prior  to  a  test*  the  rig  and  associated  plumbing  wwre  purged  with 
gaseous  nitrogen  far  40  minutes  end  .-rhea  purged  with  gaseous  hydrogen 
for  20  minutes.  After  the  purge  operatic,  liquid  hydrogen  was  flowed 
through  the  rig  by  opening  ROV  32,  ROV  432,  and  closing  ROV  332,  ROV  331. 
The  flow  rate  was  set  at  5-10  gpm  fer  cooldown  by  controlling  the  supply 
dewer  pressure  and  adjusting  CV  330.  The  cooldown  flow  was  continued 
until  the  temperature  at  rig  di^chage  and  bearing  races  reached  40*R. 

(U)  After  the  cooldown  period,  the  coola  t  flow  rate  was  increased  to 
60-65  gpm  for  the  teat  bearing  supply  cavity  and  10-12  gpm  for  the  slave 
bearing  supply  cavity  by  increasing  the  supply  dewar  pressure  and  opening 
CV  330,  The  radial  load  was  applied  to  the  test  load  hearing  by  closing 
SV  469  and  adjusting  FRV  449  to  the  required  load  piston  pressure. 

(C)  For  tests  No,  l  through  12,  the  bearing  i&j&d  was  applied  in  two 
increments,  An  initial  (0  rpra)  lea*-  of  500  11:  was  applied,  the  rig  was 
accelerated  to  10,000  rpm, and  fcha  Hnsl  load  of  1700  lb  was  applied  while 
speed  was  held  at  10,000  rpm.  The  rig  y*e  than  accelerated  to  the  test 
speed  of  48,000  rpm.  The  1790- lb  load  was  not  removed  during  rig  shutdown. 
For  test  No.  13  through  16  the  bearing  load  was  applied  and  removed  In 
fou.  increments  per  the  following  schedule. 

Speed,  rpm  toad,  lb 

0  200 

20,000  300 

30,000  800 

48,000  1700 


Spasd  control  o £  the  rig  was  Accomplished  by  adjusting  CV  410  (coarse 
control)  and  CV  417  (fin®  control)  to  adroit  nitrogen  gas  to  the  turbine 
drive  She  turbine  discharge  pressure  was  sec  at  70  paig  by  adjusting 
CV  400  to  obtain ’the  required  axial  load  on  the  siavs  ball  bearing.  All 
speed,  pressure,  temperature,  flow  and  vibration  readouts  were  monitored 
during  the  run  for  indication  of  bearing  failure.  The  test  was  terminated 
when  a  bearing  failure  was  indicated  or  the  required  run  conditions  could 
not  be  maintained.  All  parameters  not  on  continuous  recording  equipment 
(strip  charts)  were  recorded  manually  every  2  minutes  during  the  15-minute 
screening  teste  and  every  10  minutes  during  the  longer  duration  endurance 
tests. 

(U)  the  supply  dewar  provided  enough  coolant  for  rig  cooldown  and  approxi¬ 
mately  one  hour  ox  continuous  running  before  recycling  of  the  liquid 
.  r  ir^an,  When  the  supply  dewa?  was  near  depletion,  the  rig  was  shut 
dy~clesing  CV  410  and  CV  417  and  adjusting  PRV  449  in  accordance 
the  speed- load  schedule.  The  iijuid  hydrogen  in  the  recovery  dewar 
,aa  recycled  to  the  supply  dewar  thr.->tgh  a  filter  by  closing  80V  432  and 
CV  330,  opening  80V  332,  venting  the  supply  d®war,  end  pressurising  the 
recovery  dswst •  After  the  liquid  hydrogen  was  recovered  in  the  supply 
dawar,  cooldown  flow  was  initiated  and  the  run  cycle  was  repeated, 
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Figure  203 »  $-13  Roller  Bearing  Test  Facility  ®U  23011 
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H'VIblOV  Of  united  nnettAPT  COftPQh AlIQN 


OCT  -  7  !3G£T 


In  reply  phrase  refv-r  t.,; 

M PS:  R  PSm  !<  :Cu *; l,  Adm. 


Mts.  Mary  Maeovieh,  FTMKH-J* 
t)sr«»  loratc  of  Mattr id 
Proeur.  m«r’«  DH’hIjo 

Air  Fort*;  Base,  California  93c23 

if 

Ruortinct.  j  (a)  PWA  JFP  67>*1 1,  260K  High  P«<f;rm&ttC6  Reusable 

Oxygen /Hydrogen  Rocket  Enp.re,  da  1  21  Aug.**' 

J' 

(u)  1  FWA  KR-ldi05  Components  Desigr,  Hand'’ ok,  Ad-atu  <»d 

Development  Program  for  &  High  i\if^rn^oi.»  Oxygen; 
Hydrogen  Rocket  Engine,  dated  30  June  196 b, 

>',* VsCC-  PWA  F‘K-191  1,  Quarterly  Report  No.  t,  Ad.  ini.ed  Cry¬ 
ogenic  Socket  Engine  Program  Staged  »  Combustion 
Concept,  dated  June  1966. 

ttfr. 

(d)  '  PWA  i‘S-1928,  Quarterly  Report  No,  1,  2K<K  Thrufl 

Chamber  Technology  Program,  dated  30  June  1966, 

t4u 

(c)  PWA  FR-2372,  Final  Report  -  Advanced  Engine  Dos^n 

Study,  ScHMAER),  dated  July  31,  1967. 

* 

Vef.  1  W  PWA  FR-2397,  Advanced  Cryogenic  Bosket  Er.gme  Pro* 

.7.  ,'*h  '  <■  /,  m  gram  Staged  -  Combustion  Concept  -  Final  Report, 

f-Si ■■i/nv  1  datod  Djumber  1967. 

Vfi.i'  .'Vri'v-Tfo 

Pear  Mrs.  Rasuvlch: 

*  * 

*■  The  U*  S,  Patent  Office  hsa  Issued  a  Secrecy  Ordarwlth  1  modifying 
"Security  Requirements  Permit"  against  United  Aircraft  Corpus  lion's  U,  §, 
Patent  Application  No.  725,934,  mtUled  "Dual  Slot  Swirier  Jnjtfcter  Element. ' 
This  Socrecy  Older  relates  to  a  single  fchraUleabk  injection  obtains  that  pro* 
vidua  a  wide  range  of  throttloabilUy,  You  Rra  advised  lh§l  the  referenced 
documents  contain  Information  relating  to  this  concept. 


Ft.6K5g.fe  3g£?AftSH  AHO  SKVgUOpKtgN?  £K*57S& 
W6ST  MiM  iSACH,  rtOJUSA 


Mr«,  Mary  Riuovbh  -  2  •• 

A  "Security  Requirement*  Permit"  limits  dmeloaurc  of  tho  nubjoct 
matt t*r  Involved  to  tin?  security  requlrem  tit*  of  the  Government  contract 
which  Imposes  the  highest  level  of  security  classification  tho i nun.  The 
highest  level  of  security  c  Iks flifkailnn  on  the  subject  matter  of  this  appli¬ 
cation  is  "Confidential".  Ducloaure  of  the  invention  or  any  material  in¬ 
formation  with  respect  therciu  is  prohibited  except  by  written  consent  of 
tba  Commissioner  of  Patents  or  as  Authori/.ed  by  the  permit.  By  statute, 
violation  of  a  Secrecy  Order  is  punishable  by  a  fine  not  to  exceed  $10,000 
and/or  imprisonment  for  not,  more  than  two  years. 

If  this  invention  has  been  disclosed  to  others,  the  recipient*  of  this 
letter  are  requested  to  notify  them  of  tho  issuance  of  the  Secrecy  Order 
and  "Security  Requirement*  Permit"  and  of  the  penalties  for  viMfl'inn. 

,  Very  truly  yours, 

U NITED  AIRCRAVT’ CORPORA TJON 
Pffttt  &  Whitney  Aircraft  Division 


M,  F,  Sampler  . 

Senior  Contract  Administrator 

Florida  Research  and  Development  Center 


cc  t  sen  attached. 
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